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Abstract
Within the family Thyasiridae, symbioses between hosts and sulphur-oxidizing
bacteria are not present in all species. Bacteria that associate with thyasirids are
extracellular, digested by host cells, and presumed to be facultatively symbiotic. Here, the
dynamic and unstable nature of thyasirid-symbiont associations is characterized. We first
describe a Thyasira cf. gouldi cryptic species complex in which some species possess
symbionts, while others have lost them. Within symbiotic T. cf. gouldi species, both
symbiont abundance and the nutritional importance of symbiont-derived nutrients
fluctuate over yearly cycles. T. cf. gouldi symbionts are environmentally acquired, and
association with host bivalves appears to result in the loss of both flagella and
magnetosome chains. Finally, we show that hosts may control symbiont populations by
mediating their access to reduced sulphur: exposing thyasirids to a constant source of
reduced sulphur results in increased bacterial division which can result in host cell
overgrowth and host mortality.
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Introduction
Chemosymbiosis and the family Thyasiridae
Symbioses, defined as intimate associations between two different species
(Roeselers & Newton, 2012) are common in the Bivalvia (Mollusca). In this group, a
remarkable diversity of host organisms form associations with chemosynthetic bacterial
symbionts capable of the fixation of inorganic carbon driven by the oxidation of reduced
chemicals (Taylor & Glover, 2006). Seven bivalve families are currently known to
associate with chemoautotrophic bacteria; the Solemyidae (Krueger et al., 1996; Stewart
& Cavanaugh, 2006a), the Vesicomyidae (Fisher & Childress, 1986; Childress et al.,
1991), the Mytilidae (Southward, 2008), the Lucinidae (Diouris et al., 1988; Williams et
al., 2004), the Nucinellidae (Oliver & Taylor, 2012), the Montacutidae (Oliver et al.,
2013) and the Thyasiridae (Dando & Southward, 1986; Dufour, 2005). Within these
diverse families there exists considerable variation in crucial parameters of the symbiotic
association, including relative reliance on symbiotically-derived organic carbon, the
method of symbiont transmission, as well as the morphological adaptations of the host
and the localization of bacterial symbionts in host gill epithelial cells (Roeselers &
Newton, 2012).
The Thyasiridae are one of the most diverse and widespread families of
chemosymbiotic bivalves (Taylor et al., 2007), colonizing a variety of cold water
environments such as oil fields (Oliver & Kileen, 2002), cold seeps (Oliver & Sellanes,
2005; Carlier et al., 2010), hydrothermal vents (Southward et al., 2001), and organically
enriched or polluted sediments (Dando & Southward, 1986; Dando & Spiro, 1993).
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Within this family, there exists an unusual degree of variation in the association of host
species with chemoautotrophic bacterial symbionts. Unlike other chemosymbiotic bivalve
families such as the Lucinidae, in which all known species associate with sulphuroxidizing bacterial symbionts (Taylor & Glover, 2006), not all members of the
Thyasiridae harbour chemosynthetic bacterial symbionts. Within the single genus
Thyasira, some species, such as Thyasira ferruginea lack bacterial symbionts altogether
(Dando & Southward, 1986), while species such as T. flexuosa, T. sarsi, T. gouldi, and T.
equalis harbour bacterial symbionts in their gill epithelia (Reid & Brand, 1986; Dando &
Southward, 1986; Diouris et al., 1988; Batstone et al., 2014). The sole broad-scale
investigation of host morphological adaptations to the possession of bacterial symbionts
further underscores this level of intra-familiar variation, with 15 of 26 species examined
lacking bacterial symbionts altogether (Dufour, 2005). Variation in the possession of
bacterial symbionts in the Thyasiridae is linked to extensive inter-specific discrepancies
in gill filament morphology. Dufour (2005) has identified three different gill types in the
Thyasiridae distinguished by the degree of abfrontal expansion of the gill filaments, a key
adaptation permitting hosts to provide greater surface area for bacterial colonization (Reid
& Brand, 1986). Most symbiotic thyasirids display type 3 gill filament morphology,
characterized by extensive expansion of the subfilamentar gill epithelia to form a
bacteriocyte zone in which symbionts are housed, while asymbiotic thyasirids are
distinguished by a lack of abfrontal expansion of the gill filaments (type 1 and 2 gills,
Dufour, 2005).
Furthermore, the Thyasiridae are distinct from other groups of chemosymbiotic
bivalves in several other important aspects. With the exception of Maorithyas hadalis, the
2

symbionts of thyasirids are housed extracellularly, in enlarged pockets delineated by
extensions of the host cytoplasm and cell membrane (Fujiwara et al., 2001; Dufour,
2005). In addition to the extracellular localization of symbionts, sulphur-oxidizing
bacterial symbionts are significantly smaller than symbionts seen in other families such as
the Lucinidae (Le Pennec et al., 1988b). Additionally, the symbionts of thyasirid bivalves
display a greater degree of phylogenetic diversity and lack of conserved symbiont identity
between different host species, with multiple independent acquisitions of symbionts in
distinct thyasirid lineages (Taylor et al., 2007; Rodrigues & Duperron, 2011). Due to the
high degree of intra-familial variation in the possession of bacterial symbionts (Dando &
Southward, 1986; Dufour, 2005), as well as the extracellular location of bacterial
symbionts and lack of conserved symbiont identity within the family (Dufour, 2005;
Rodrigues & Duperron, 2011), the Thyasiridae are thought to represent one of the least
derived chemosymbioses in the Bivalvia (Roeselers & Newton, 2012).
Thyasira cf. gouldi cryptic species complex and loss of symbiosis
The recent discovery of a cryptic Thyasira cf. gouldi species complex further
illustrates the incredible degree of flexibility, inter-specific variation in the possession of
bacterial symbionts and potential for evolutionary instability of chemosymbiotic
associations in the Thyasiridae. In a paper to which I contributed significantly, Batstone
et al. (2014) describe the discovery of a cryptic T. cf. gouldi species that includes both
symbiotic and asymbiotic host OTUs (Operational Taxonomic Units). Symbiont presence
is associated with the abfrontal expansion of gill filaments (gill type 3, OTUs 1 and 2)
and the subsequent increase in gill epithelial surface area for the hosting of bacterial
symbionts (Batstone et al., 2014), as described in Dufour (2005). In contrast, asymbiotic
3

individuals (OTU 3) possess translucent, thin gills lacking abfrontal expansion of the
filaments (Batsone et al., 2014). The ancestral state of the original Bonne Bay T. cf.
gouldi population is postulated to be characterized by a symbiotic association with
sulphur-oxidizing bacteria. As such, the Thyasiridae not only represent a relatively early
stage in the evolution of complex chemosymbioses (Roeselers & Newton, 2012), but are
also characterized by the potential for rapid evolutionary loss of symbiosis, leading to
fine-scale phylogenetic and geographic patchiness in the possession of bacterial
symbionts (Batstone et al., 2014).
Mixotrophy and nutritional flexibility
In addition to extensive variation in the possession of bacterial symbionts in the
Thyasiridae, symbiotic members of this family are distinguished by the facultative nature
of the symbiotic associations, with symbiotically derived nutrition likely serving as a
supplement to particulate feeding (Dufour, 2005). Unlike other obligate associations in
which hosts lack digestive systems and are completely reliant upon symbiotic carbon
fixation (Stewart & Cavanaugh, 2006b; Nyholm et al., 2012), symbiotic thyasirids are
mixotrophic. Though reduced, symbiotic thyasirids retain structures associated with
heterotrophic feeding in bivalves, such as the labial palps and digestive gland (Allen,
1958; Donval et al., 1989). The relative importance of symbiotic and heterotrophic
carbon sources to the host diet is subject to notable fluctuations based on a number of
environmental factors. Changes in sediment sulphide concentrations have previously been
correlated with transition from up to 76% reliance on symbiotic carbon to an almost
completely heterotrophic lifestyle in Thyasira sarsi (Dando & Spiro, 1993). Additionally,
authors have postulated a greater reliance on symbiotically derived organic carbon over
4

the winter months, as evidenced by variation in the activity of the digestive gland in
Thyasira flexuosa (Donval et al., 1989), and laboratory experiments have indicated that
symbiont abundance in thyasirids is related to particulate food and sulphide availability
(Dufour & Felbeck, 2006). Nonetheless, the possibility that symbiont abundance, along
with the relative nutritional importance of symbiotic carbon, varies over temporal cycles
has never been rigorously examined in the Thyasiridae.
Thyasirids frequently inhabit organically enriched, shallow sediments receiving
large amounts of organic matter input through a variety of methods, including sewage
discharge, river runoff and terrestrial export of plant detritus, and seasonal phytoplankton
blooms (Dando & Southward, 1986; Dando & Spiro, 1993; Diaz & Rosenberg, 2001).
Increases in organic matter content in benthic environments stimulate the activities of
sulphate-reducing bacteria, leading to oxygen depletion and sulphide accumulation
(Westrich & Berner, 1984; Faulwetter et al., 2013). Thyasirids are common in such
environments, and are postulated to be ecological engineers, due to their capacity to
oxygenate sediments and remove accumulated sulphides through their bioirrigation and
the construction of pedal tracts involved in sulphide mining (Dando & Spiro, 1993;
Dufour & Felbeck, 2003; Dando et al., 2004). In conjunction with temporal cycles in
vertical organic matter export to the benthos, the ability of thyasirid bivalves to deplete
sedimentary reserves of reduced sulphur compounds may exert a profound influence on
the availability of sulphides in organically enriched sediments. This makes the
Thyasiridae an excellent model group for studying natural influences affecting reliance on
symbiotic carbon in facultative chemosymbioses and understanding which factors
surround the evolutionary impact of chemosymbiosis. In Chapter 1, I explore the
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possibility of seasonal variation in the abundance of bacterial symbionts in the gill
epithelia of Thyasira cf. gouldi in the interest of exploring the degree of nutritional
flexibility and temporal variability in symbiont population size in this family of
chemosymbiotic bivalves.
Symbionts of thyasirid bivalves
Like all known bacterial symbionts of chemoautotrophic bivalves, the symbionts
of thyasirids fall within the gammaproteobacteria, forming a clade with the symbionts of
other chemosymbiotic organisms such as lucinids and Riftia pachyptila (Distel &
Cavanaugh, 1994; Dubilier et al., 2008; Dufour et al., 2014). Symbionts are held in
extracellular pockets defined by extensions of the host cell membrane and cytoplasm, and
bacteria are periodically endocytosed to undergo lysosomal degradation, providing
nutrients directly to the host cell (Southward, 1986; Le Pennec et al., 1988a; Dufour,
2005). Thyasirid symbionts are thought to be facultative and environmentally acquired, as
evidenced by their extracellular location, along with the diversity of bacterial symbionts
between closely related thyasirid species and the potential for host clams of a single
species to associate with different symbiont phylotypes (Dufour, 2005; Rodrigues &
Duperron, 2011; Duperron et al., 2012). Environmental acquisition raises a suite of
challenges for the maintenance of evolutionary stable mutualisms. Hosts must be able to
locate their symbionts and discriminate between mutualistic and potentially exploitative
bacterial phylotypes in order to assure repeated mutualistic interactions between hosts and
symbionts across generations (Douglas, 2008; Chaston & Goodrich-Blair, 2010). In turn,
free-living forms of the bacterial symbionts must be capable of living in both the tissues
of their facultative hosts and in the environment. Unlike vertically transmitted symbionts,
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which may lose genes as vital as those responsible in processes such as cytokinesis,
motility, and heterotrophy through co-evolution and the loss of symbiont independence
(Kuwahara et al., 2007), environmentally acquired symbionts must retain the metabolic
and physiological flexibility that allows them to navigate steep chemical gradients and
support their metabolic needs without the provisioning of substrates by their host
organism (Stewart & Cavanuagh, 2006b; Robidart et al., 2008).
In thyasirids, bacterial symbionts, similar to the case observed for the facultative
symbionts of Riftia pachyptila (Robidart et al., 2008), retain prominent adaptations to a
free-living stage in reduced, sulphidic sediments. A recent paper published by Dufour et
al. (2014) to which I made substantial contributions, documents the discovery of
magnetosomes, protein-bound biomineralized iron, within the symbionts of Thyasira cf.
gouldi. In sulphur-oxidizing microaerophilic bacteria such as the free-living stage of
thyasirid symbionts, magnetosome chains produce a magnetic dipole within the cell,
allowing these chemosynthetic microaerophiles to locate the oxic-anoxic interface in
reduced sediments, where bacteria have access to both oxygen and the reduced chemical
compounds required to sustain their metabolism (Lefèvre & Bazylinski, 2013). Symbionts
appear to retain chains of these magnetic particles when not associated with host
bacteriocytes, while the adoption of a symbiotic existence results in the loss of integrity
(and hence, functionality) of magnetosome chains, along with the postulated loss of other
free-living physiological adaptations such as flagella (Dufour et al., 2014). The burrowing
and sulphide mining behaviours of thyasirids likely produce oxic-anoxic interfaces along
burrows and pedal tracts, thus allowing them to cultivate magnetotactic, sulphuroxidizing bacteria in nearby sediments and assist them in the environmental acquisition of
7

free-living bacteria, which may otherwise be scarce in sediments (Dando et al., 2004;
Hakonen et al., 2010; Dufour et al., 2014).
Maintenance of stability in chemosymbiotic mutualisms
Following the environmental acquisition of symbionts from the surrounding
sediments, host organisms must be able to derive tangible fitness benefits from their
association with chemosynthetic bacterial symbionts. In thyasirids, nutrient transfer
occurs through direct lysosomal digestion (Southward, 1986; Le Pennec et al., 1988a),
and hosts are often incredibly reliant on the digestion of bacterial symbionts, which in
some cases can contribute upwards of 50% of the hosts’ nutritional input (Spiro et al.,
1986; Dando & Spiro, 1993). In turn, thyasirids supply their symbionts with a steady
supply of reduced sulphur compounds, through either the transport of reduced compounds
in the haemolymph of thyasirids’ feet or through the direct uptake of sulphidic porewater
through ventilation (Dufour & Felbeck, 2003; Dando et al., 2004). This elevated supply
of reduced sulphur compounds provides the basis for the exceptional metabolic activity of
bacterial symbionts (Caro et al., 2009). However, it also underscores the importance of
host control over bacterial symbiont population dynamics, lest enrichment of the
symbionts’ medium result in unrestrained proliferation and the overgrowth of host tissues
(Neckelmann & Muscatine, 1983). While the mechanisms of host control over symbiont
population dynamics are unknown in the Thyasiridae, other groups such as the
vesicomyids have restricted bacterial division in their vertically transmitted symbionts
through co-evolution and the subsequent loss of crucial symbiotic genes relating to cell
division in bacteria (Kuwahara et al., 2007). In environmentally transmitted symbioses
characterized by a lack of co-evolution between host and symbiont, hosts such as the
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lucinid bivalves are able to suppress bacterial division through the production of
bacteriostatic compounds (Caro et al., 2007; Caro et al., 2009). Riftia pachyptila
symbiont populations are regulated by tightly controlled cycles of host cell
differentiation, resulting in eventual apoptosis coupled with the elimination of symbionts
in degenerating bacteriocytes (Pflugfelder et al., 2009). As the Thyasiridae represent an
early stage in the evolution of complex chemosymbioses (Roeselers & Newton, 2012),
they may lack such complex mechanisms of host control over bacterial symbiont
population dynamics. In Chapter 2, I investigate the effect of thiosulphate enrichment on
the symbiont populations of thyasirid bivalves in order to understand the nature of
population control in this family and evaluate the potential importance of behavioural
adaptations involving host control over the supply of reduced sulphur compounds through
sulphide mining and burrow ventilation behaviours.
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Overview: Summary of Goals and Objectives
In this Master’s thesis, I summarize the results of my studies on the dynamic
nature of symbiotic associations between sulphur-oxidizing chemosynthetic bacteria and
thyasirid bivalves. Aspects of my research relating to inter-specific variation in the
possession of bacterial symbionts within a cryptic Thyasira cf. gouldi species complex, as
well the physiology of facultative bacterial symbionts associated with environmental
acquisition by the host were incorporated into two research papers published by the
Dufour lab (Batstone et al.,2014; Dufour et al., 2014). These two papers, though not
constituting formal chapters of my thesis, are included as appendices.
The first primary goal of my research was to investigate the possibility of
temporal, seasonally-induced fluctuations in the abundance and importance of bacterial
symbionts in T. cf. gouldi (Chapter 1). Additionally, I conducted experiments designed to
evaluate whether or not symbiont division occurs within thyasirid bacteriocytes and the
mechanisms of host control over bacterial symbiont population dynamics (Chapter 2).
The null hypotheses for these two chapters are as listed below:
Chapter 1: Symbiont abundance in Thyasira cf. gouldi is constant throughout the
year; there is no seasonal effect on symbiont population size.
Chapter 2: Bacterial symbionts do not undergo division in association with host
gill epithelial cells; hosts can control bacterial population dynamics, and addition
of reduced sulphur compounds does not result in an increase in bacterial division
or population size.
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been included in this paper as second author, and though not an official chapter of my
Master’s thesis, the full paper is included in the appendix section (Appendix 1).
The Dufour et al (2014) paper, concerning the discovery of magnetosomes in the
symbionts of Thyasira cf. gouldi, also included major contributions from my research.
Magnetosomes were first putatively identified through my work on transmission electron
microscopy pertaining to my other research projects, and I was instrumental in identifying
and pursuing this research question. Furthermore, I contributed to the paper through
transmission electron microscopy data regarding magnetosome morphology, as well as
assistance in the investigation of magnetosomes through atomic force microscopy. As
such, I have been included in this paper as second author, and though not an official
chapter of my Master’s thesis, the full paper is included in the appendix section
(Appendix 2).
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Chapter 1: Seasonal variation in symbiont abundance in
the thyasirid bivalve Thyasira cf. gouldi

Authors:
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Dufour, S.C., Department of Biology, Memorial University of Newfoundland, St.
John’s, NL, Canada, A1B 3X9

Abstract
Within the bivalve family Thyasiridae, symbioses with chemoautotrophic,
sulphur-oxidizing bacteria do not occur in all lineages; variation in symbiont presence and
in the degree of abfrontal expansion of gill filaments occur on fine phylogenetic scales
within the family. Thyasirid symbionts are housed extracellularly and are periodically
engulfed and digested by host gill epithelial cells. Symbiotic thyasirids are mixotrophic,
retaining the capacity to feed on particulate matter; the relative importance of particulate
feeding and symbiont-derived nutrition to host metabolism may vary on temporal and
spatial scales depending on the abundance of particulate organic matter and sediment
sulphide availability. Here, we demonstrate the existence of a strong cyclical trend in
symbiont abundance in Thyasira cf. gouldi from Bonne Bay, Newfoundland: symbiont
abundance is highest during the months of autumn, and is lowest in late winter and
spring. The density of membrane whorls, lysosomal microbodies associated with the

18

digestion of bacterial symbionts, may display a similar temporal trend, indicating that the
relative contribution of symbiont-derived nutrition is likely contingent on seasonal
fluctuations in environmental parameters. Symbiont abundance is correlated with shell
size, and environmental cycles and/or shifts in the supply of sediment sulphides and
particulate organic matter may influence thyasirid nutritional strategies and fitness. Along
with the extracellular status of thyasirid symbioses, their highly dynamic nature may
explain the evolutionary loss of chemosymbioses in this group.

Introduction
Symbioses between chemoautotrophic bacteria and marine invertebrates are
widespread and show extensive variation in the degree of host reliance on symbiontderived nutrition (Dubilier et al. 2008, Chaston & Goodrich-Blair 2010). One of the
invertebrate taxa in which chemosymbiosis varies greatly is the Bivalvia (Taylor &
Glover 2006, Duperron et al. 2012, Roeselers & Newton 2012). Bivalve chemosymbioses
run the gamut from the vertically transmitted, obligate associations where symbiont
metabolism provides nearly all of the hosts’ nutrition, as described in solemyids (Krueger
et al. 1996, Stewart & Cavanaugh 2006), to the environmentally transmitted and
nutritionally flexible symbioses seen in lucinids (Taylor & Glover 2006, Caro et al.
2009).
The Thyasiridae is one of two bivalve families known to have extracellular
chemoautotrophic symbionts (Duperron et al. 2012), with bacteria housed in enlarged
pockets defined by extensions of the host gill epithelial cell membrane (Dufour 2005).
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The extracellular localization of symbionts is in stark contrast with other chemosymbiotic
bivalve families in which bacteria are housed intracellularly (Taylor & Glover 2006,
Roeselers & Newton 2012). Furthermore, not all members of the Thyasiridae possess
symbionts, and this variation can occur on very fine phylogenetic scales: the genus
Thyasira contains both species with and without symbionts (Dando & Southward 1986,
Southward 1986), as does the cryptic T. cf. gouldi species complex (Batstone et al. 2014).
Symbiosis in thyasirids is associated with extensive variation in host morphology, notably
the abfrontal expansion of gill filaments and digestive tract reduction (Reid & Brand
1986, Dufour 2005). Marked differences in symbiont presence in thyasirids, coupled with
the extracellular localization of symbionts and evolutionarily distinct symbiont
acquisition events (Rodrigues & Duperron 2011) have led authors to postulate that
thyasirid bivalves represent early stages of the evolution of complex chemosymbioses
(Roeselers & Newton 2012).
Among symbiotic thyasirids, there is considerable variation in the importance of
nutritional input from their symbionts. Unlike in other obligate associations where host
invertebrates lack mouths, guts, and the capacity to feed (Stewart & Cavanaugh 2006,
Nyholm et al. 2012), symbiotic thyasirids are capable of processing particulate food with
their (reduced) palps and simplified digestive tracts (Allen 1958). In Thyasira sarsi,
changes in environmental parameters associated with organic matter input and sediment
sulphide concentrations can result in pronounced shifts in host nutritional strategy,
ranging from almost complete dependence on symbiotically-derived nutrition to an
essentially exclusive reliance on particulate organic matter (Dando & Spiro 1993).
Additionally, the relative importance of symbiont-derived nutrition may vary greatly in T.
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flexuosa as a function of seasonal cycles (Donval et al. 1989), and experimental
manipulation of thyasirids has revealed that symbiont abundance is related to the
availability of particulate food and sulphides (Dufour & Felbeck 2006).
In symbiotic thyasirids, transfer of nutrients from bacterial symbionts to host cells
is thought to occur via symbiont endocytosis and lysosomal degradation (Southward
1986, Le Pennec et al. 1988, Dufour et al. 2014). Increased digestion of bacteria in
starved symbiotic bivalves has been demonstrated in thyasirids (Dufour & Felbeck 2006),
as well as in lucinids (Caro et al. 2009) and bathymodiolin mussels (Kádár et al. 2008).
Symbiont digestion in these organisms results in the accumulation of lysosomal
microbodies in the basal portion of host bacteriocyte cytoplasm. These structures, called
“membrane whorls”, consist of the densely-packed remains of digested bacterial
symbionts (Frenkiel et al. 1996, Liberge et al. 2001, Kádár et al. 2008).
Though there is evidence for temporal variability in the relative nutritional
importance of symbiont metabolism to thyasirids (Donval et al. 1989, Dando & Spiro
1993, Dufour & Felbeck 2006), a systematic investigation of possible seasonal trends in
symbiont abundance and the extent of bacterial digestion in natural populations of
thyasirid bivalves has yet to be conducted. Here, we compare the symbiont abundance
and density of membrane whorls in Thyasira cf. gouldi from Bonne Bay, Newfoundland,
Canada, sampled at various times over two years. This subarctic fjord experiences
seasonal fluctuations in photosynthetically-derived carbon (Tian et al. 2001) that could
influence the availability of particulate organic matter and sulphides to T. cf. gouldi. Such
temporal heterogeneity may be sufficient to produce variation in symbiont abundance in
these thyasirids.
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Materials and Methods
Sample collection
Thyasira cf. gouldi were collected in Bonne Bay, a subarctic fjord on the western
coast of Newfoundland, Canada. Sediment and bivalves were collected from the
sheltered, eastern basin of this fjord, a relatively isolated and stable body of water due to
the presence of a shallow sill separating it from the Gulf of St. Lawrence (Gilbert &
Pettigrew 1993). Samples were obtained from three sites: South East Arm (N 4927.75,
W 5742.82), Deer Arm (N 4933.21, W 5750.42) and Neddy's Harbour (N 4952.38, W
5752.27, Fig 1). Collection sites are characterized by elevated levels of organic matter
due to terrestrial plant debris via freshwater runoff (South East Arm and Deer Arm) and
anthropogenic input from surrounding communities (Neddy’s Harbour).
Thyasirids were collected over the course of 8 sampling trips in 2011 and 2012.
Sediment was collected using a Peterson grab, and thyasirids were retrieved on a sieve
with a 1 mm mesh. The anterior-posterior shell length of all thyasirids was measured
prior to dissection and gill fixation.
The selection of Thyasira cf. gouldi to be used in this study was complicated by
the existence of a cryptic species complex in Bonne Bay. Symbiotic T. cf. gouldi (i.e.,
OTUs 1 and 2) were identified using external morphological characteristics, including
dorso-ventral elongation of the shell and the dorsal location of iron deposits on the shells
of symbiotic T. cf. gouldi (Batstone et al. 2014). Only specimens confirmed to be
symbiotic based on gill structure and transmission electron microscopy were used for
quantitative analyses.
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Figure 1. Map showing the location of the three sampling locations in Bonne Bay,
Newfoundland. River input and the local community (Norris Point) are shown. Adapted
from Batstone et al., 2014.
Due to the somewhat opportunistic nature and of the sampling and patchy
distribution of symbiotic T. cf. gouldi within the sediments of the three sampling sites, the
number of individuals collected varied greatly between sites and sampling periods. In
total, 48 clams were collected in 2011 and 56 in 2012, for a total sample size of 104
symbiotic T. cf. gouldi (Table 1).

23

Table 1. Number of symbiotic Thyasira cf. gouldi specimens used for quantitative and
statistical analysis over the course of the 2011 and 2012 sampling seasons, from each of
the three sampling sites.
Collection Date
Deer Arm
Neddy’s Harbour
South East Arm
Apr 19, 2011
0
1
5
Jun 6, 2011
2
5
3
Aug 16, 2011
1
5
3
Oct 4, 2011
2
1
5
Dec 5, 2011
2
0
13
May 8, 2012
5
4
9
Jul 30, 2012
4
6
5
Oct 9, 2012
8
14
1
Gill fixation and transmission electron microscopy
Gills were fixed in 2.5% gluteraldehyde in a 0.1 M sodium cacodylate buffer for 4
h, post-fixed with 1% osmium tetroxide for 1 h, and dehydrated in an increasing ethanol
series prior to embedding in EPON resin. Ultra-thin sections (~60-70 nm) were cut on an
ultramicrotome and placed on copper grids. Sections were then post-stained with uranyl
acetate and lead citrate and examined on a Philips 300 transmission electron microscope.
Quantitative analysis
Transmission electron micrographs were taken of the frontal-most two
bacteriocytes of two gill filaments per individual, for a total of four bacteriocytes per
specimen. The two sets of bacteriocytes per specimen were chosen from different gill
filaments to prevent potential bias associated with the analysis of four bacteriocytes from
a single filament. Images were taken such that the entirety of the cell, including both
intracellular and the extracellular, symbiont-containing portions could be visualized (Fig
2A).
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Measurements used to establish the relative spatial occupation of symbionts and
membrane whorls were made in ImageJ (Rasband 1997); the two-dimensional space
occupied by symbionts and membrane whorls relative to the intracellular area of a
bacteriocyte (considered to be relatively constant over time) were used as proxies for their
abundance. The total cell area (TA), encompassing both intra- and extracellular regions
was measured after manually outlining the area enclosed by the host cell membrane and
the microvillar band that encloses the symbionts (Dufour 2005). Subsequently, the
extracellular, symbiont-housing area (ECA) of the bacteriocytes was measured and
cropped, and the intracellular area (ICA) was determined by subtracting this value from
the total cell area (ICA = TA - ECA). The extracellular portion of the image was
thresholded to leave no pixelated values except those associated with bacterial cell
envelopes and cellular inclusions. Holes were filled such that the entirety of space
occupied by individual bacterial cells was rendered to an above-threshold level (Fig 2B).
Though this did result in an over-representation of the area occupied by bacterial
symbionts due to the filling of holes between symbionts and other cellular structures such
as the cell membrane, this error was encountered on all images examined in an
approximately equivalent fashion. Thus, it did not interfere with the statistical analysis of
variation in the spatial occupation of bacterial cells between different individuals.
Subsequently, symbiont abundance (SAbd) was calculated as a function of the area
occupied by bacterial symbiont cells (BA) divided by the total intracellular area of the
host cell (SAbd = BA / ICA). Membrane whorl density (MWD) was calculated as a function
of the spatial extent of membrane whorl occupation (MWA) and intracellular area (MWD
= MWA / ICA), following the use of a similar thresholding on the intracellular portion of
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host gill cells. Non-membrane whorl cellular features such as nuclei, lipid deposits and
mitochondria were manually deleted prior to the measurement of membrane whorl area
(Fig 2C). Both SAbd and MWD values are unitless, as they are a function of spatial
occupation (cm2) per unit of host cell intracellular area (i.e., cm2/cm2).
Prior to statistical analysis, the values obtained for the 4 bacteriocytes of each
individual were averaged to prevent an inflation of sample size and violation of the
assumption of independence of variance.
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Figure 2. Transmission electron micrographs of a Thyasira cf. gouldi gill filament. All
scale bars represent 5 µm. (A) Frontal-most two bacteriocytes of a gill filament. The cell
membrane (cm) of the frontal-most cell is traced in black to illustrate the location of the
intracellular (IC) and extracellular (EC) zones. Symbiotic bacteria (sym) and membrane
whorls (mw) are seen. (B-C) Micrographs of the bacteriocyte with traced cell membrane
in (A). (B) The symbiotic bacteria have been rendered binary and had their holes filled to
calculate occupation area. The results of this process can be seen in black. (C) The
intracellular area has been thresholded so as to measure membrane whorl spatial
occupation. The results of this process can be seen in black.
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Statistical analyses
Potential effects of sampling date, sampling site and host shell length on SAbd and
MWD were examined using ANCOVAs and linear regression models. For these analyses,
sampling date and site were treated as categorical variables. Statistical analyses were
carried out in R (version 3.10, R Development Core Team 2014). The results of type III
ANOVAs and ANCOVAs involving multiple explanatory variables were produced using
the “car” package (Fox & Weisberg 2011).
The effect of sampling site on SAbd and MWD was confounded by the presence of
smaller individuals at Neddy’s Harbour (average shell length ± standard error: 2.87 ±
0.20 mm) than at South East Arm (average shell length ± standard error: 3.77 ± 0.24 mm)
and Deer Arm (average shell length ± standard error: 3.78 ± 0.27 mm). Given that the
difference in shell length between sites was statistically significant (ANOVA, p < 0.001),
and that shell length correlates with SAbd (see below), the size-corrected effect of sampling
site on SAbd and MWD became highly insignificant (ANCOVA, p = 0.67, p = 0.99,
respectively). As such, the final linear models constructed for SAbd and MWD in Thyasira
cf. gouldi considered sampling date and shell length only (not sampling site). The
relationship between MWD and SAbd was also assessed using linear regression models.
Apparent differences in SAbd between 2011 and 2012 were evaluated using a linear
model incorporating the year (2011 or 2012) as well as the numeric value for day of the
year corresponding to each sampling date. After finding significant inter-annual variation
in SAbd (ANCOVA, p < 0.01) after accounting for the continuous effect of the numeric
value for the day of the year, a model describing variation in MWD as a function of
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sampling date was constructed using data from 2011, the year in which more variation
was uncovered.
Generalized additive model construction
To better reflect the cyclical influence of time on SAbd, generalized additive
models (GAMs) were constructed using the “mgcv” package in R (Wood 2011). Three
GAMs were constructed to evaluate the role of shell length, sampling site and date on
SAbd in Thyasira cf. gouldi (models 1-3, Table 2). The use of smoothing functions on
explanatory variables is indicated by “s( )”. “Day” represents the effective date in days
since December 31st 2010 and is treated as a continuous variable, while “Length” and
“Site” refer to shell length and collection site, respectively. Interactions between terms are
indicated by “*”. The number of knots used in GAM construction was set at 4, to fit a
simplistic model that covers one seasonal minima and maxima in symbiont abundance as
well as two endpoints. The three GAMs were compared to the linear model of variation in
SAbd as a function of sampling date (“Month”, treated as a fixed factor) and shell length
(model 4, Table 2).
Model selection was based on the use of the Akaike Information Criterion (AIC).
Following selection of the best model by identifying the model with the lowest AIC score
(Burnham & Anderson, 2002), an artificial dataset was produced for the 539 days
between the first and final sampling trips. The average of thyasirid shell length was
calculated across all examined specimen, and this value was incorporated into the best
model (model 2, Table 2, AIC score = 90.994) in order to predict minimal and maximal
SAbd values and to evaluate the degree of variation in SAbd predicted by the model. Finally,
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a GAM was constructed for variation in MWD, using model parameters based on the best
SAbd GAM, as determined by the use of AIC.

Results
Thyasira cf. gouldi gill structure and cellular characteristics were consistent with
the type 3 gill organization of Dufour (2005), as previously described in Batstone et al.
(2014). Symbiotic bacteria were housed extracellularly in pockets delineated by host
microvillar bands and evaginations of the cell membrane and cytoplasm (Fig 2A).
Symbionts were associated with the epithelial cells of abfrontally expanded gill filaments,
in all specimens with type 3 gills examined.
Temporal variability in symbiont abundance
Symbiont abundance in the extracellular space of Thyasira cf. gouldi
bacteriocytes displayed a remarkable amount of temporal variation. In individuals
collected in April 2011, symbionts were largely restricted to relatively small extracellular
pockets (Fig 3A). Relative bacterial abundance increased over the course of early
summer, and by June 2011, symbionts were noticeably more abundant, occupying larger
extracellular pockets (Fig 3B). Symbiont density was exceptionally high in August 2011
and remained at similar levels through October and December (Fig 3C). Sampling in May
2012 revealed a return to less abundant symbionts in T. cf. gouldi bacteriocytes (Fig 3D).
Membrane whorls were present in individuals collected at all dates, though there was an
apparent increase in the relative density of these structures in the cytoplasm of host cells
over the course of the 2011 sampling season (Fig 3).

30

Figure 3. Transmission electron micrographs of Thyasira cf. gouldi gill filaments.
Symbionts (sym) can be seen in the extracellular pockets formed by extensions of the host
cell membrane (cm). Membrane whorls (mw) can be seen within the host cytoplasm (cyt).
All scale bars represent 5 µm. (A) Micrograph of specimen collected in April 2011. (B)
Micrograph of specimen collected in June 2011. (C) Micrograph of specimen collected in
December 2011. (D) Micrograph of specimen collected in May 2012.
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ANCOVA revealed significant effects of sampling date on SAbd (Fig 4A; p <
0.01), but not on MWD (Fig 4B; p = 0.23). Significant differences in SAbd were found
between 2011 and 2012 after accounting for the effect of day of the year (p < 0.01),
indicating inter-annual variation in Thyasira cf. gouldi symbiont abundance in Bonne
Bay. However, patterns in a given year were similar: in 2011, SAbd was lowest in April
(0.58 ± 0.11) and highest in early August (1.16 ± 0.21), and in 2012, it was lowest in May
(0.59 ± 0.13) and highest in late July (0.87 ± 0.16). Minimal and maximal average MWD
coincided temporally with minima and maxima in SAbd. In 2011, MWD ranged from 0.26
± 0.03 in April to 0.42 ± 0.06 in October. However, variation in MWD was much less
pronounced in 2012, with a minimum of 0.35 ± 0.05 in May and a maximum of 0.38 ±
0.04 in July.
Factors influencing symbiont abundance and membrane whorl density
Symbiont abundance varied linearly as a function of shell length (Fig 4C, p <
0.01), increasing at a rate of 0.18 ± 0.05 mm-1, with a Pearson correlation coefficient of
0.323. Membrane whorl density correlated with shell length (p < 0.01) and with SAbd (Fig
4D, p < 0.001, R = 0.398). Interestingly, there was no statistically significant effect of
sampling date on MWD (p = 0.23), despite the strong effect of sampling date on SAbd (p <
0.01). It is worth noting that the slope of the correlation between SAbd and MWD was quite
low (0.12 ± 0.03), raising the possibility that a seasonal trend in MWD (corresponding to
that observed for SAbd) does exist but is too slight to detect.
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Figure 4. (A) Variation in symbiont abundance over the 8 sample collection dates. Month
has an effect on bacterial symbiont abundance (ANCOVA, p = 0.006372). (B) Variation
in membrane whorl density over the course of sample collection. Month has no
significant effect on membrane whorl density (ANCOVA, p = 0.22698). (C) A significant
correlation (p = 0.00118, R = 0.322977) exists between symbiont abundance and anteriorposterior shell length. (D) There is a significant (p = 0.0000284, R = 0.3981945)
correlation between membrane whorl density and bacterial symbiont abundance.
Symbiont abundance and membrane whorl density: generalized additive models
Three GAMs, along with a fourth linear model, were compared to explore
variation in SAbd as a function of time (Table 2). All four models provided considerable
evidence for an effect of time on SAbd (p < 0.01). Based on the AIC scores, model 2 was
the best at explaining the variation in SAbd (Fig 5). Model 1 was discounted, as its ΔAIC
(the difference between its AIC score and the AIC score of the best model) of 3.781 was
> 2, an indication that little evidence exists to substantiate it (Burnham & Anderson
2002). In contrast, neither model 3 nor 4 could be rejected, as their ΔAIC of 1.724 and
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1.755 respectively were both < 2 (Burnham & Anderson 2002). The model best supported
by our data was based on a cyclical function of sampling date, and both models 2 and 3
were better supported than the linear model treating time as a fixed factor (Table 2).
Therefore, variation in SAbd in Thyasira cf. gouldi is a function of annually occurring
temporal cycles, with an additional, significant effect of shell length (p < 0.01, model 2).
An interactive term between shell length and date may also help to explain the variation
in SAbd (model 3).
Table 2. Model selection for the influence of time on bacterial abundance. 3 generalized
additive models (1-3), with smoothing functions “s()” applied to the continuous effect of
time, and one linear model (4) were considered. The incorporation of interactive effects
between terms is indicated by a “*”. Relevant p-values and Akaike Information Criterion
(AIC) scores are presented.
Model Formula
p-value (Effect of Day)
AIC Score
(1) SAbd ~ s(Day) + Size + Site
0.00541
94.775
(2) SAbd ~ s(Day) + Size
0.00518
90.994
(3) SAbd ~ s(Day) + Size + Size*Day
0.00718
92.718
(4) SAbd ~ Month + Size
0.000223
92.749
As model 2 was determined to be the best, it was used to make predictions relating
to variation of symbiont abundance of the Bonne Bay Thyasira cf. gouldi population (Fig
5). Based on the portion of the model over which continuous data collection coincided
with the predicted trend in SAbd, a seasonal peak can be predicted for early October (Oct
8, 2011, SAbd = 1.031), while symbiont abundance is predicted to be at its lowest in late
February (Feb 22, 2012, SAbd = 0.6523). These values predict a 58.06% increase in
relative symbiont abundance between a late winter minimum and autumn maximum in
the bacteriocytes of T. cf. gouldi in Bonne Bay.
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Investigation of a potentially non-linear effect of day on MWD was evaluated
based on the best model 2 for variation in SAbd. Use of non-linear modeling techniques
failed to modify the outcomes of linear comparisons of MWD at various sampling times,
and there was no evidence for an effect of time on MWD (p = 0.32). However, exclusion
of the 2012 sampling year data on MWD (for which substantially less variation was
observed, Fig 4B) in a linear model describing MWD resulted in a significant effect of
sampling date on MWD (p < 0.05). Therefore, a seasonal trend in MWD may exist in
Thyasira cf. gouldi, but its significance is obscured by inter-annual variation and a
relative lack of variation in MWD over the course of 2012.

Figure 5. Generalized additive model for variation in symbiont abundance in Thyasira cf.
gouldi as a cyclical function of time. The model presented was selected based on Akaike
Information Criterion (Table 2). Collection date, represented as effective date (days since
Dec 2010), has a significant effect on symbiont abundance (p = 0.00518). Additionally,
the effect of shell size was significant (p = 0.00222).
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Discussion
Thyasira cf. gouldi exhibits a remarkable degree of seasonal variation in the
abundance of its sulphur-oxidizing bacterial symbionts. This variation is readily observed
on transmission electron micrographs and was validated through the implementation of
models, all of which revealed significant effects of sampling date on symbiont abundance
(p < 0.01). Variation in symbiont abundance was best represented as a non-linear effect of
time, with a cycle corresponding to a yearly low in late winter and a maximum in autumn.
As T. gouldi is considered to be a pan-arctic species (Oliver et al. 2002, WlodarskaKowalczuk 2007) inhabiting regions with seasonal fluctuations similar to those in Bonne
Bay, seasonal trends in symbiont abundance likely also exist in other populations.
Furthermore, the congruence of the predicted seasonal maxima and minima with a
seasonal cycle previously postulated for T. flexuosa (Donval et al. 1989) on the basis of
variation in digestive gland morphology indicates that this trend may be relevant to many
symbiotic thyasirid species.
A less pronounced degree of seasonal variation in membrane whorl density within
the Bonne Bay Thyasira cf. gouldi populations was seen upon visual inspection of
electron micrographs. A linear model that excluded the 2012 sampling year, in which
there was significantly less variation in symbiont abundance than in 2011, revealed a
significant effect (p < 0.05) of time on the density membrane whorls, consistent with a
significant correlation between MWD and SAbd. As membrane whorls are interpreted as
evidence of nutrient transfer from symbiont to host through bacterial cell lysis
(Southward 1986, Le Pennec et al. 1988, Kádár et al. 2008), potential seasonal variation
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in MWD should indicate fluctuations in the nutritional input derived from symbiotic
metabolism, as documented in Swedish T. sarsi populations (Dando & Spiro 1993). δ13C
ratios in T. sarsi revealed striking differences in the importance of symbiotically derived
nutrition associated with variation in sediment sulphide in a cyclically anoxic,
anthropogenically-polluted basin.
In Bonne Bay, there are seasonal cycles in the vertical export of
photosynthetically derived nutrients, with a greater organic matter input to the benthos in
early spring and a slight spike associated with a second phytoplankton bloom in late
summer (Tian et al. 2001). Accumulation of organic matter in sediments can lead to an
increase in the activity and abundance of sulphate-reducing bacteria (Goldhaber &
Kaplan 1975, Westrich & Berner 1984) and the accumulation of sedimentary sulphides
(Mudryk et al. 2000). Seasonal fluctuations in the abundance of sedimentary sulphatereducing bacteria were observed in the Baltic Sea (Mudryk et al. 2000) and in simulated
wetland microcosms (Faulwetter et al. 2013), with highest and lowest rates of sulphate
reduction occurring in late summer and spring, respectively. The concentration of
sediment sulphides has been shown to affect thyasirid symbiont abundance (Dufour &
Felbeck 2006), and could thus explain the temporal cycle observed in the present study.
In Bonne Bay sediments, reduced sulphate reduction rates in the spring (and relatively
lower sedimentary sulphide reserves) could restrict the capacity of thyasirids to harbour
large symbiont populations during those months. A subsequent increase in sulphate
reduction rates over the course of summer would increase sedimentary sulphide
concentrations, and coincides with an observed increase in T. cf. gouldi symbiont
populations.
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Declining symbiont abundance in late winter could also be a consequence of
sediment sulphide depletion due to the extensive sulphide mining behaviour of symbiotic
thyasirids (Dufour & Felbeck 2003). Symbiotic thyasirids are considered to be ecological
engineers as their burrow construction and ventilation activities result in enhanced
oxygenation and sulphide depletion in surrounding sediments (Dando & Southward 1986,
Dando & Spiro 1993, Dando et al. 2004). Similar effects of chemosymbiotic bivalves on
sediment chemistry have been demonstrated for lucinids in Thalassia testudinum
meadows, where 16% of sediment sulphide production is removed through lucinid
sulphide consumption and through burrowing behaviours that re-introduce oxygen into
sediments (Reynolds et al. 2007). In fact, lucinids are crucial in limiting sediment
sulphide accumulation in seagrass beds, maintaining the basis of a three-stage symbiosis
between them, the seagrasses that dominate their habitats, and their bacterial symbionts
(van der Heide et al. 2012). In Bonne Bay, ice cover limits the input of particulate organic
matter during winter months; a potentially greater nutritional reliance of the often dense
Thyasira cf. gouldi populations upon their symbionts during that time could result in
increased ventilation and sulphide mining behaviours (Dando & Southward 1986, Dando
et al. 2004, Dufour & Felbeck 2006). Such behaviours could lead to the depletion of
sediment sulphides prior to the disappearance of ice cover and the subsequent spring
phytoplankton bloom.
Regardless of its cause, the Thyasira cf. gouldi population of Bonne Bay
undergoes significant variation in symbiont density, with a predicted 58.06% increase in
symbiont abundance between late winter and autumn. Therefore, seasonally fluctuating
characteristics (most likely concentrations of reduced sulphur in sediments and/or
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particulate organic matter) are influencing thyasirid symbiont abundance under natural
conditions. This finding is consistent with previous experimental evidence for an effect of
sediment sulphide and particulate organic matter on symbiont abundance in mixotrophic
thyasirids (Dufour & Felbeck 2006). That T. cf. gouldi likely alters its nutritional strategy
based on environmental parameters can help to explain the recent evolutionary loss of
symbionts in some OTUs within the cryptic T. cf. gouldi species complex (Batstone et al.
2014). Short-term environmental changes, such as increased sewage input (Dando &
Spiro 1993), could result in new evolutionary pressures on symbiotic thyasirids in a given
habitat. Such pressures could lead to the evolution of more complex and obligate
chemosymbioses if sulphide supply became heightened or constant, or to a reversion to an
asymbiotic lifestyle if symbiosis becomes unsustainable (Batstone et al. 2014).
The observed correlation between Thyasira cf. gouldi symbiont abundance and
shell length is consistent with the hypothesis that the input of symbiont-derived nutrition
allows symbiotic thyasirids to attain larger sizes (Dufour 2005), with particulate feeding
being supplemented by the digestion of bacterial symbionts. Alternatively, the correlation
between shell size and bacterial abundance could reflect differences in the thyasirid life
cycle, with juvenile clams harbouring lesser symbiont populations. Inclusion of an
interaction term between shell length and sampling date in the construction of GAMs
failed to produce a significant effect (p = 0.548) but the possibility that seasonal cycles in
thyasirid reproduction and growth affect symbiont abundance cannot be ruled out.
Thyasira cf. gouldi from Neddy’s Harbour were significantly smaller, and housed
noticeably smaller symbiont populations, than those from South East Arm and Deer Arm.
The latter two sites are located at the mouths of rivers, and likely receive a greater input
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of plant detritus from the surrounding environment and river systems than Neddy’s
Harbour, located in a relatively isolated bay surrounded by a local community. The
relative lack of terrestrial organic matter input in Neddy’s Harbour may be a size-limiting
factor in this population. This stresses the importance of symbionts as nutritional
supplements for thyasirids (Dufour 2005), which may derive significant fitness benefits
by hosting larger symbiont populations.

Conclusions
Symbiont abundance in the bacteriocytes of T. cf. gouldi exhibits a strong
seasonal trend characterized by a peak in bacterial density in the months of late summer
and autumn, followed by a decline beginning over the course of winter and culminating
with a seasonal low during late winter and spring. This trend may be mirrored by
variation in the density of membrane whorls, the lysosomal microbodies characterized by
the remains of digested bacterial symbionts. This seasonal cycle, in which the input
symbiotically-derived organic carbon to bivalve hosts is greater in the autumn is likely
driven by temporal variation in the import of terrestrial and planktonic organic matter.
Bivalve size and reproductive fitness may be linked to symbiont abundance,
providing a basis for strong selection pressures based on sediment sulphide
concentrations and the input of organic matter. Long-term shifts in environmental
parameters could potentially result in the loss of, or greater reliance upon, bacterial
symbionts. The highly dynamic symbiosis documented in this study helps to explain the
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phylogenetic patchiness of chemosymbiosis in the family Thyasiridae, as well as the
potential for a rapid evolutionary reversion to an asymbiotic state.
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Abstract
Stable mutualistic associations between marine invertebrates and their
chemosynthetic bacterial symbionts are predicated on both the adequate transfer of
resources and on the restriction of bacterial cells to a finite population density within the
tissues of the host. In the chemosymbiotic associations between members of the bivalve
family Thyasiridae and their thiotrophic bacterial symbionts, hosts provide the mutualistic
bacteria accommodated in the epithelial cells of their abfrontally expanded gill filaments
with reduced sulphur species to fuel their autotrophic metabolism. Symbiotic thyasirids
provide their symbiotic bacteria with the requisite reduced sulphur through the
construction of extensive pedal tracts involved in sediment sulphide localization.
Symbionts are acquired from a free-living pool of bacteria, and are periodically
endocytosed and digested by host bacteriocytes. In this study, we demonstrate that unlike
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the bacterial symbionts of many chemosymbiotic bivalves, the bacterial mutualists of
Thyasira flexuosa and Thyasira cf. gouldi divide within the confines of host gill epithelial
cells, possibly constituting a second method of symbiont renewal in thyasirid bivalves
alongside environmental acquisition. Furthermore, exposure of T. flexuosa and T. cf.
gouldi to elevated concentrations of thiosulphate, a reduced sulphur species used by many
sulphur-oxidizing bacterial symbionts, results in the rapid onset of bacterial division and
expansion of symbiont populations. Continued exposure to thiosulphate results in the unrestrained proliferation of bacterial symbionts and ultimately in the mortality of the host
organisms. These results highlight the fragile and conditional nature of mutualistic
outcomes in thyasirid bivalves, and may contribute to the explanation of the distinctively
patchy distribution of symbiosis within this family and the possibility for the loss of
symbiosis in some thyasirid lineages. Furthermore, the inability of thyasirid hosts to
restrict bacterial division emphasizes the adaptive significance of behaviours such as
sulphide mining and control over the transport and acquisition of sulphides in maintaining
and controlling a stable population of bacterial mutualists.

Introduction
Traditionally, symbioses between eukaryotic hosts and their microbial symbionts
have been viewed in light of “mutualistic environment” models (Law & Lewis, 1983), a
framework of ideas emphasizing direct cooperation between partners and the long-term
evolutionary stability of mutualistic associations (Sachs et al., 2011). This paradigm is
being challenged and replaced by new research emphasizing symbioses as reciprocally
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exploitative interactions, in which each of the partners involved seeks to maximize the
benefits it obtains from its partner while providing a minimum of services and goods in
return (Sachs et al., 2011). Despite the ubiquitous and often stable nature of mutualisms
seen in nature, the distinction between beneficial and parasitic interactions is being
blurred by new research, and mutualisms are now recognized as being prone to reversion
to autonomy and even parasitism (Sachs & Simms, 2006). Symbiotic associations are
plagued by inherent conflicts of interests over issues such as resource exchange and
symbiont transmission, raising the possibility of divergence in the evolutionary interests
of the partners involved and the corruption of the system by cheating or exploitative
symbionts (Douglas, 2008). For any symbiotic association to persist, the evolutionary
interests of both partners must remain aligned (Herre et al., 1999), and as such
mechanisms must be put in place that ensure the proper exchange of resources, the
suppression of would-be cheaters, and the assurance of repeated interactions between
hosts and symbionts across generations (Douglas, 2008).
Mutualistic symbioses between marine invertebrates and chemoautotrophic
bacteria are widespread both geographically and phylogenetically (Dubilier et al., 2008),
and often form an important ecological adaptation for survival in marginal environments
such as hydrothermal vents and cold seeps (Chaston & Goodrich-Blair, 2010). Bacterial
symbionts oxidize reduced chemical compounds to provide the energy for the fixation of
inorganic carbon (Kleiner et al., 2012), thus providing a valuable source of nutrients to
their hosts. In turn, their invertebrate hosts display a suite of behaviours and adaptations
enabling them to bridge the oxic/anoxic divide, providing their bacteria with both reduced
chemical compounds (sulphides, methane etc.) and the electron acceptors (oxygen) they
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require (Chaston & Goodrich-Blair 2010). In such nutritional symbioses, the hosts must
ensure the existence of a population of bacterial symbionts sufficiently large to support
their often extensive and sometimes exclusive reliance on symbiotically-derived organic
carbon (Dando & Spiro, 1993; Caro et al., 2009; Nyholm et al., 2012). However, reliance
of invertebrate hosts on their often large symbiont populations must be balanced by an
ability to control the population size and dynamics of their bacterial partners, lest
unchecked bacterial proliferation result in the overgrowth of host tissues (Neckelmann &
Muscatine, 1983). In various chemosymbiotic associations, this may be accomplished
through a variety of mechanisms, including the coupling of bacterial life cycles to a
tightly regulated host cell death regime in Riftia pachyptila (Pflugfelder et al., 2009), as
well as the arrestment of bacterial division postulated for many chemosymbiotic bivalves
(Stewart & Cavanaugh, 2006; Caro et al., 2007; Kuwahara et al., 2007).
The Thyasiridae is one of seven families of bivalves known to harbour symbiotic
chemoautotrophic bacteria (Oliver & Taylor, 2012; Roeselers & Newton, 2012; Oliver et
al., 2013). In this group, gammaproteobacterial sulphur-oxidizing symbionts (Distel &
Cavanaugh, 1994; Dufour et al., 2014) are housed in enlarged extracellular spaces
delineated by extensions of the cell membrane and microvilli of specialized gill epithelial
cells known as bacteriocytes (Dufour, 2005). Bacterial symbionts of thyasirids are likely
environmentally acquired (Dufour et al., 2014), and are thought to be periodically
digested by the host (Southward, 1986). Division of bacterial symbionts within the gill
tissues of the host has not previously been documented, and the mechanisms of host
control over symbiont population control and identity remain a mystery.
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Not all members of the family host chemosynthetic bacterial symbionts, and the
presence of bacterial symbionts in this group has been shown to vary on strikingly small
phylogenetic scales (Southward, 1986; Batstone et al., 2014). Furthermore, the relevance
to the host of symbiotically derived resources varies based on relevant environmental
parameters such as sulphide abundance (Dufour & Felbeck, 2006), and season (Donval et
al., 1989; Dando & Spiro, 1993). Symbiont identity is not conserved within the family
(Rodrigues & Duperron, 2011) and within single species, hosts have the potential to
associate with different bacterial phylotypes (Duperron et al., 2012b). In thyasirids, the
association between symbiotic thyasirids and the chemoautotrophic bacteria they harbour
is regarded as facultative and relatively unstable (Batstone et al., 2014). As such, this
group has been presented as an example of symbiotic organisms in the early stages of the
complex and highly coordinated symbioses seen in other groups of chemosymbiotic
marine invertebrates (Duperron et al., 2012a; Roeselers & Newton, 2012). Given the
relatively novel and simplistic state of the symbiosis in thyasirid bivalves, these
organisms may lack the complex mechanisms for symbiont population control seen in
other groups of chemosymbiotic marine invertebrates.
It is possible that host control over the symbiont population in this group is related
to behavioural adaptations, such as the extensive sub-sediment burrow construction
involved in the localization of often sparse sulphide reserves (Dufour & Felbeck, 2003).
Sulphides may then be transported to the host gills and thus their bacterial symbionts
through the haemal transport of reduced sulphur, as has been documented in the
vesicomyid bivalves (Arp et al., 1984; Childress et al., 1993) or through ventilation of the
surrounding sediment and subsequent uptake of sulphide-laden water from deep within
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the sediment (Dufour & Felbeck, 2003; Dando et al., 2004). Control over such
ventilation-based and/or haemal transport of sediment sulphides may allow thyasirids to
control symbiont population through behavioural regulation of symbiont nutrient
provision, though this possibility remains unexamined.
In this study, we sought to address the question of symbiont population regulation
in the symbioses of Thyasira cf. gouldi and Thyasira flexuosa, two thyasirids known to
harbour chemoautotrophic bacterial symbionts (Dando & Southward, 1986; Batstone et
al., 2014). Given the presumed simplicity of the symbiotic association in thyasirids and
potential lack of the complex regulatory mechanism seen in other chemosymbiotic
organisms (Duperron et al., 2012a; Rodrigues & Duperron, 2012), this group provides an
excellent opportunity to study host control over symbiont population dynamics and the
maintenance of a mutually beneficial association in relatively unstable and vulnerable
symbiotic associations. The aim of this study was to evaluate the role of the supply of
reduced sulphur species to the bacterial symbionts of thyasirids in maintaining stable
symbiont populations and regulating bacterial proliferation. The role of symbiont nutrient
limitation in the regulation of symbiont life cycles and population size has been
demonstrated in other symbiotic organisms such as the green hydra (Neckelmann &
Muscatine, 1983) and the Red Sea coral (Muscatine et al., 1989). However, the
potentially crucial role of host control over sulphide supply has never been addressed in
thyasirid bivalves, despite revelations that symbiont abundance may change in relation to
experimentally controlled sediment sulphide concentrations (Dufour & Felbeck, 2006).
We hypothesize that the ability of host chemosymbiotic organisms to control symbiotic
sulphide exposure may constitute an important pillar in the regulation of bacterial
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population dynamics in mutualistic associations between bivalves and their
chemosynthetic bacterial symbionts.

Materials and Methods
Sample collection
Thyasira flexuosa
Sediment and clams were collected during the month of June 2013 in the Bay of
Brest, immediately adjacent to the commercial port of the city of Brest, France. Sediment
was collected using a dredge in 100 m long sampling transects. The sampling location (N
48°22.804, W 04°27.653) is characterized by organically enriched sediment due to runoff
from the nearby city and surrounding agricultural lands (Jean & Hily, 1993).
T. flexuosa were isolated by sieving the sediment through a 1 mm mesh.
Additionally, sediment collected at the same time and location was dry-sieved on a 1 mm
mesh sieve. In order to maintain the health of the clams prior the beginning of the
experiment, live thyasirids were placed at the surface of this sediment and allowed to
burrow. Sediment microcosms, with burrowed thyasirids, were maintained in flowthrough tanks at room temperature with a constant supply of ambient seawater from the
Bay of Brest.
Thyasira cf. gouldi
Sediment was collected during the month of November 2013 from 2 sites in
Bonne Bay (N 4932. W 5756.), a subarctic fjord located within Gros Morne National
Park on the western coast of Newfoundland (Canada). Samples were collected from the
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eastern arm of this bifurcated fjord, a sheltered, protected water mass due to the presence
of a shallow sill separating it from the Gulf of St. Lawrence (Gilbert & Pettigrew, 1993).
Sediment was collected at two sites: South East Arm, N 4927.75, W 5742.82 and Deer
Arm, N 4933.21, W 5750.42. Both of these sites are characterized by muddy sediment
highly enriched in organic matter due to the input of terrestrial organic matter and
detritus.
Collected sediment was sieved on a 1mm mesh, and live clams were retrieved and
immediately subjected to the experimental protocols and treatments.
Experimental design
T. flexuosa
40 days after collection (and microcosm maintenance), clams were once again
removed from the sediment through the process of sieving. Twenty clams were placed in
beakers containing 0.2 µm filtered, heat-sterilized seawater from the Bay of Brest. Ten of
the clams were used to establish a control for symbiont morphology and abundance
throughout the experimental procedure. These control specimens were maintained in
beakers with filtered, sterilized seawater.
To investigate the effect of elevated thiosulphate (a reduced sulphur species that
can be utilized by many chemoautotrophic bacterial symbionts (Kleiner et al, 2012))
concentrations, 10 clams were placed in a beaker containing a solution of 1% sodium
thiosulphate in filtered, sterilized seawater. On the 2nd and 4th days of the experiment, 0.5
g of thiosulphate was added to the experimental treatment to replenish the supply of
thiosulphate as it spontaneously oxidizes at room temperature and is used by the bacterial
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symbionts. The beakers were kept at room temperature to reproduce the temperature,
similar to conditions in the Bay of Brest during the month of August (roughly 18C,
Paillard, pers. comm.).
Prior to the initiation of the experiment, 4 clams were dissected to establish a
baseline for the characteristics and morphology of both host cells and symbiotic bacteria.
Gills were fixed in 2.5% gluteraldehyde in 0.1 M sodium cacodylate buffer for 4 hours
before being transferred to a 0.1 M sodium cacodylate buffer for storage. Subsequently, 2
clams from both the control (sterilized, filtered seawater) and experimental (1%
thiosulphate in sterilized, filtered seawater) treatments were removed and dissected every
3 days. Gills were fixed as described above.
Additionally, thyasirids in both the thiosulphate-enriched and control treatments
were examined on a daily basis to determine the state of the clams and estimate thyasirid
survival based on externally visible characteristics. Clams were determined to be dead if
their valves were open. The colour and appearance of the thyasirids’ gills were also noted,
both through the transparent shells of the bivalves whilst still alive and upon dissection.
Dead clams found in the thiosulphate treatment were also dissected and their gills fixed
for transmission electron microscopy as described above.
T. cf. gouldi
64 individuals of T. cf. gouldi were placed in beakers containing 0.2 µm filtersterilized seawater from Bonne Bay, Newfoundland. Control specimens (n = 16) were
maintained in beakers containing seawater with no added chemicals, while the other 48
specimens were placed in beakers containing 2%, 1% or 0.5% dissolved sodium
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thiosulphate (16 per treatment). These beakers were kept at 4C to replicate the typical
temperature of seawater at the benthic interface of Bonne Bay, NL during the month of
November (Dufour, pers. comm.).
At the beginning of the experiment, 4 clams (not taken from the control and
experimental treatments described above) were dissected to establish a baseline
representation of bacterial symbiont and host cell morphology. Gills were fixed as
described for the gills of T. flexuosa. Subsequently, clams from the control and various
experimental treatments were removed at selected times after the initiation of the
experiment (12 hours, 1 day, 2 days, and 4 days). At each of these sampling times,
individuals from each treatment were randomly selected and removed for the purpose of
gill fixation as described above. Unlike in the experiment conducted on T. flexuosa, no
supplementary thiosulphate was added to the experimental treatments over the course of
the experiment, as it was assumed that the rate of thiosulphate decay and utilization by
symbionts would be reduced at the lower temperature used in the T. cf. gouldi experiment
(4C compared to 18C for the T. flexuosa trials).
Transmission electron microscopy
The fixed gills from both species of thyasirids were stained in 1% osmium
tetroxide in 0.1 M sodium cacodylate buffer for 1 hour and embedded in an EPON resin
following dehydration in an increasing ethanol series. Subsequently, ultra-thin sections (~
60-70 nm) were cut on an ultramicrotome and placed on copper TEM grids. These were
post-stained with uranyl acetate and lead citrate and examined using a Philips 300
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transmission electron microscope at the Electron Microscopy and Flow Cytometry Unit
of the Health Sciences Centre (Memorial University of Newfoundland and Labrador).
For both the T. cf. gouldi and T. flexuosa experiments, 2 of the individuals collected at the
beginning of the experiment as baseline specimens were examined. Further specimens,
from both control and experimental treatments, were also investigated and photographed
under the transmission electron microscope. The number of individuals examined from
each species, treatment, and sampling time is listed in Table 1.
Table 1. Number of thyasirids examined under the transmission electron microscope for
the experiments on both species at various elapsed times. Sample sizes are listed for
control specimens (maintained in filtered seawater) and experimental specimens kept in
the presence of dissolved thiosulphate (TS). The examination of deceased individuals is
indicated by the presence of an asterisk (*) after the sample size.
Thyasira cf. gouldi
Thyasira flexuosa
Time
Control 0.5% TS 1% TS
2% TS
Time
Control
TS
12 h
1
1
1
2
3d
2
2
1d
1
1
1
2
6d
2
2+2*
2d
1
1
1
2
9d
2
n/a
4d
1
1
1
2
12 d
2
n/a
For each individual examined, the frontal-most 2 bacteriocytes of at least 5 host
gill filaments were examined at various magnifications to view both host and symbiont
cell characteristics. The symbionts of these cells were closely examined for the presence
of clear morphological indicators of cell division, and images were taken to capture host
cell and bacterial symbiont morphology.
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Results
The gill structure and general cellular characteristics of T cf. gouldi and T.
flexuosa were consistent with previous descriptions of symbiotic thyasirid species. As is
typical for symbiotic thyasirids having type 3 gills, abundant symbionts were maintained
extracellularly, accommodated by the host in evaginations formed by extensions of the
host cell membrane and cytoplasm (Dufour, 2005).
In both T. cf. gouldi and T. flexuosa, the presence of dividing bacterial symbionts
within the extracellular area proffered by the host was observed. Symbiont division was
inferred based on characteristic patterns in their morphology, including evident
“pinching” involved in the ingrowth of the plasma membrane and cell wall (Fig 1A,B). In
some cases, dividing bacterial cells displayed a distinct electron dense structure at the site
of plasma membrane pinching and future cell separation, possibly indicating the presence
of an intact Z ring (Fig 1B). In other dividing symbiotic cells, a linear structure appearing
to be a fully formed septum can be seen separating two daughter cells (Fig 1C), while in
some fully divided bacterial cells, a thin connective thread of plasma membrane seemed
to link the two daughter cells despite their sharing a cell wall (Fig 1D). The presence and
relative abundance of dividing symbiotic bacteria varied between the treatments to which
the hosts were subjected, as described below.
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Figure 1. Transmission electron micrographs of Thyasira flexuosa and T. cf. gouldi
symbionts. (A) Dividing bacterial symbionts (*) in the bacteriocytes of a freshly collected
T. flexuosa. Symbionts are located in an extracellular pocket delineated by the microvillar
(mv) band and cell membrane (cm) of the host cell. (B-D) Bacterial symbionts of T. cf.
gouldi maintained in 2% thiosulphate-enriched seawater. (B) A dividing symbiont with a
putative complete Z ring (z) separating 2 daughter cells. The separating plasma
membranes (pm) of the daughter cells are visible, along with their shared cell wall (cw).
The symbiont is located within an invagination of the host cell membrane and cytoplasm
(cyt). (C) A bacterial symbiont can be seen in the late stages of cell division, with a
complete septum (s) separating two daughter cells. (D) A dividing bacterial symbiont is
seen in the late stages of cell division. Two daughter cells, still sharing the same cell wall,
are separated by a thin thread of plasma membrane.

57

Thyasira flexuosa
Symbiotic bacteria were abundant in the bacteriocytes of T. flexuosa, as observed
in baseline specimens, control specimens maintained in filtered seawater, and specimens
exposed to elevated concentrations of thiosulphate (Fig 2). Some bacterial symbionts
were seen to be undergoing cell division in the bacteriocytes of specimens regardless of
whether or not they had been exposed to thiosulphate-enriched seawater. Dividing
bacteria were present in clams dissected upon collection, after maintenance in sediment,
and when held in the absence of thiosulphate (Fig 1A). However, under these conditions,
bacterial cell division was rare, and the majority of host bacteriocytes lacked visibly
dividing bacterial symbionts (Fig 2A). In contrast, the bacteriocytes of T. flexuosa
exposed to the thiosulphate-enriched seawater contained a much larger proportion of
bacterial symbionts undergoing cell division. After 3 days of maintenance in seawater
artificially enriched in thiosulphate, bacterial division was seen much more frequently
with all individuals (n = 6) examined possessing dividing bacterial symbionts in all
bacteriocytes examined (n = 60). Additionally, the bacteriocytes contained an
exceptionally high number of dividing bacteria (Fig 2B-D).
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Figure 2.Transmission electron micrographs of Thyasira flexuosa bacteriocytes. (A)
Bacteriocyte of a freshly collected (baseline) individual. Bacterial symbionts (sym) are
seen in the extracellular space, surrounded by extensions of the host cell membrane (cm)
and cytoplasm (cyt). Membrane whorls (mw), concentric rings of degraded bacterial cell
walls and a nucleus (n) are visible within the host cell. (B-D) Bacteriocytes of specimens
exposed to thiosulphate-enriched seawater for 3 days. (B) Dividing bacterial symbionts
(indicated by an asterix, *) are located within the extracellular space enclosed by the host
cell membrane. Microvilli (mv) are visible on the external surface. (C) Dividing bacterial
symbionts, located extracellularly. The cell membrane of the host features a partially
ruptured membrane (rm). (D) High magnification of the symbionts seen in (C). Numerous
bacterial symbionts are dividing (*).
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Thyasira cf. gouldi
Similar to the condition observed in T. flexuosa, the bacteriocytes of T. cf. gouldi
maintained in the absence of added thiosulphate generally lacked dividing symbionts (Fig
3A). We can however confirm that in some cases, the bacterial symbionts of T. cf. gouldi
undergo cell division within the extracellular spaces of host bacteriocytes (Fig 3B,C).
However, the majority of host bacteriocytes lacked dividing bacteria and, when observed,
symbiont division was quite limited (Fig 3C).
Exposure to 2% thiosulphate resulted in a rapid and remarkable increase in the
frequency of bacterial division after as little as 12 hours. In the bacteriocytes of T. cf.
gouldi exposed to 2% thiosulphate for 12 h, bacterial division was rampant, with large
proportions of bacterial symbionts undergoing cell division (Fig 3D-F). The proportion of
bacterial cells undergoing division within a given host bacteriocyte, as well as the
frequency of host bacteriocytes containing one or more dividing symbionts were
substantially higher in individuals maintained in the presence of thiosulphate.

Figure 3 (Next Page). Transmission electron micrographs of Thyasira cf. gouldi
bacteriocytes and symbionts. (A) Bacteriocyte of a control specimen after 12 h of elapsed
time. Symbionts (sym), none of which are undergoing cell division, are seen
extracellularly, bounded by the host cell membrane (cm). Within the host cell cytoplasm
(cyt), membrane whorls (mw) are visible. (B) Bacteriocyte of a freshly collected
(baseline) individual. Dividing bacterial symbionts (*) are seen in the extracellular space.
(C) Close-up of (B), showing bacteria dividing. (D-F) Bacteriocytes of specimens
maintained for 12 h in 2% thiosulphate. (D) Bacterial symbionts can be seen undergoing
cell division in the extracellular space of the host cell. (E) High magnification micrograph
of bacterial symbionts undergoing cell division in the bacteriocytes seen in (D). (F) High
resolution micrograph illustrating the presence of dividing bacterial symbionts. (G)
Bacteriocyte of a specimen maintained in 2% thiosulphate for 24 h. Dividing bacterial
symbionts are present in the extracellular symbiont population. (H) Bacteriocyte of an
individual kept in 1% thiosulphate for 24 h. Dividing bacterial symbionts can be seen.
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Symbiont division continued to be observed following the initial sampling time of
12 h. Bacterial division remained frequent after 24 hours exposure to 2% thiosulphate
(Fig 3G) and after 2 and 4 days of exposure to thiosulphate-enriched seawater, though the
frequency of dividing bacterial symbionts may have declined with time given that
thiosulphate supply was not replenished. Similarly, symbiont division was observed under
both 1% thiosulphate (Fig 3H) and 0.5% thiosulphate treatments, though the frequency of
bacterial division was noticeably lower, especially under the lowest concentration (0.5%)
used.
Death of bacteriocytes and host mortality
During the T. flexuosa experiment, a high degree of host mortality was observed
in the thiosulphate exposure treatment, but not in the control treatment. Of the 10 clams
placed in thiosulphate-enriched seawater, 2 were dissected 3 days into the experiment. On
the sixth day of the experiment, only 2 of the remaining 8 bivalves were alive. The other
6 (constituting a mortality rate of 75% after 6 days) were characterized by gaping valves
and deteriorating tissues. In these individuals, white masses were observed along the
surface of the gill filaments and loose in the mantle cavity. This abnormal morphology
was associated with a noticeable change in gill filament ultrastructure, with gills
appearing to be undergoing degradation. However, this morphology was not simply a
feature of host mortality, as it was also observed in living individuals (with closed valves)
after 4 days of maintenance in the thiosulphate treatment (at which point no bivalve
mortality had yet been noted). The gills of these specimens had a whitish appearance (as
opposed to the typical rose-red pigmentation), readily apparent through the transparent
shells of the clams. In fact, the white masses described in deceased bivalves were also
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observed in the 4 live individuals dissected after both 3 and 6 days of maintenance in
thiosulphate-rich seawater. In all these live individuals, gills appeared to be covered by
white masses, some of which were loosely attached or floating in the mantle cavity. This
was associated with an observed decrease in gill filament integrity and condition.
The gills of the living T. flexuosa specimens held in thiosulphate-enriched
seawater, as detailed above, were characterized by a large proportion of dividing bacterial
symbionts. Additionally, these clams contained bacteriocytes that appeared to be ruptured
or detached from the basal lamina of gill epithelia. Other bacteriocytes appeared to have
marginally compromised cell membranes, possibly indicating cell rupture (Fig 2C).
However, the presence and abundance of loose bacteriocytes, untethered from host basal
laminae or loosely attached to the gill filaments was most noticeable in deceased bivalves,
dissected after 6 days of exposure to elevated thiosulphate concentrations (Fig 4). In these
individuals, masses of bacteria were found in association with certain host cell features
such as the microvillar band that typically encloses the extracellular space in which
bacterial symbionts reside in thyasirids (Fig 4A,B). However, this mass of bacteria and
microvillar band was no longer associated with intact host bacteriocytes. In these masses
of bacteria liberated by ruptured bacteriocytes, the proportion of dividing symbionts was
high, indicating that the death of host bacteriocytes may be due to an unsustainably high
level of bacterial division or symbiont population size. As previously mentioned, the
onset of this highly atypical gill morphology and bacteriocyte condition was associated
with significant host mortality (75% after 6 days). In contrast, all of the 8 control
individuals were alive after 6 days of experimentation (0% mortality) and none died until
the 11th day of the experiment.
63

Figure 4. Transmission electron micrographs of ruptured Thyasira flexuosa bacteriocytes,
seen in deceased individuals collected after 6 days of maintenance in thiosulphateenriched seawater. (A) Dividing bacterial symbionts (*) are present but no longer
confined by host cell extensions, and are seen in loose aggregations, both inside and
outside liberated host bacteriocytes. (B) Dividing bacterial symbionts are seen. Remnants
of a once-intact host bacteriocytes, including membrane whorls (mw) and a ruptured cell
membrane (rm) are seen. Bacteria and the associated host cell features are loose within
the mantle cavity and are no longer tethered to the basal lamina of the gill epithelium.
No host mortality or ruptured bacteriocytes were observed in the T. cf. gouldi
experiment, which was conducted at a lower temperature (4C) and was carried out
without the renewal of sodium thiosulphate described for the experimental treatment of T.
flexuosa.

64

Discussion
Division of bacterial symbionts
In mutualistic symbioses between thiotrophic bacteria and bivalve hosts, hosts
must be able to acquire viable symbionts and maintain bacterial populations sufficient to
meet the nutritional demands of the host organism (Roeselers & Newton, 2012). The
mechanisms of this acquisition vary greatly between the chemosymbiotic bivalve
families, a fact that exerts profound ecological and evolutionary influence upon the nature
of their symbiotic associations. In some bivalve families, such as the Solemyidae
(Krueger et al., 1996) and Vesicomyidae (Cary & Giovanni, 1993), bacterial symbionts
are passed on to each new generation of host through vertical transmission of symbionts
through the maternal germ line (Krueger et al., 1996), leading to extensive co-speciation
and co-adaptation between the host and symbiont. Such associations are often obligate,
(Kuwahara et al., 2007) with host relying extensively or exclusively on symbiotically
derived organic carbon (Stewart & Cavanaugh, 2006). In the Solemyidae, the large
symbiont populations required to meet nearly all of the hosts’ metabolic demands are
established by transovarian inheritance and subsequent expansion of symbiont
populations in the gills of juveniles (Krueger et al., 1996). As nutrient transfer between
symbionts and host occurs through the direct transfer (translocation) of metabolites rather
than the digestion of cells (Fisher & Childress, 1986), symbionts do not regularly divide
in adult clams (Steward & Cavanaugh, 2006; Kuwahara et al., 2007), and symbiont
populations are stable throughout adulthood.
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In other well-studied groups of chemosymbiotic organisms such as the lucinid
bivalves (Gros et al., 1996; Brissac et al., 2011) and the deep-sea vestimentiferan
tubeworms of the genus Riftia (Nyholm et al., 2012), symbionts are acquired from a freeliving pool of bacteria. In order for newly-symbiotic bacteria to establish a sizeable and
mature symbiont population, bacterial cells must either divide within host tissues, as is
the case of Riftia pachyptila (Nussbaumer et al., 2006) or be continuously re-acquired
throughout the host life cycle, as has been documented for the lucinid bivalve Codakia
orbiculata (Gros et al., 2012).
In the lucinid bivalves, hosts are often incredibly reliant on the chemoautotrophic
metabolism of their symbionts, which may provide most of the host organisms’ nutrition.
Symbionts occupy up to 33% of host gill tissue area (Caro et al., 2009), a figure similar to
that observed for the trophosome of Riftia pachyptila (Bright & Sorgo, 2003), a species
that lacks a gut and mouth and is completely dependent on the energetic input from its
symbiont population (Nyholm et al., 2012). In lucinids, transfer of nutrients from
symbiont to host occurs through lysosomal digestion of bacterial symbionts (Liberge et
al., 2001; Caro et al., 2009), and digested symbionts are replaced by the acquisition of
new free-living bacterial symbionts in the surrounding environment (Gros et al., 2012).
Division of bacterial symbionts within host gill tissues is not postulated to be a
mechanism for the renewal of bacterial symbiont populations, as dividing bacterial cells
are rarely seen in lucinid bivalves (Caro et al., 2007). Nonetheless, the evidence for the
reliance of lucinid bivalves on the acquisition of novel symbionts to replace digested
bacteria is difficult to reconcile with studies that demonstrate strikingly low numbers of
free-living symbiotic bacteria in the hosts’ environment (Gros et al., 2003). Symbionts
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may be so rare that they constitute less than 0.3% of bacterial cells in the Thalassia
testudinum seagrass meadows home to many lucinid species, indicating that this
environmental reservoir may be insufficient to constantly renew lucinid symbiont
populations (Green-Garcia & Engel, 2012).
The symbiosis between thyasirid bivalves and thiotrophic bacteria is often
regarded to be one of the least derived symbiotic relationships observed amongst the
families of chemosymbiotic bivalves (Roeselers & Newton, 2012). Within the family,
asymbiotic and symbiotic species exist over small phylogenetic scales (Southward, 1986;
Batstone et al., 2014), and symbiont identity is variable both between (Rodrigues &
Duperron, 2011) and within (Duperron et al., 2012b) species. Nonetheless, many
symbiotic thyasirids rely extensively on the input of symbiotically derived metabolites,
which in some species accounts for over 50% of host carbon supply (Spiro et al., 1986;
Dando & Spiro, 1993). As in the lucinid clams, transfer of nutrients from symbiont to
host is thought to occur on the basis of endocytosis and lysis of bacterial cells
(Southward, 1986; Le Pennec et al., 1988a), and symbionts are thought to be acquired
from a free-living pool of bacterial symbionts (Rodrigues & Duperron, 2011). Based on a
nutrient transfer model of strict reliance of symbiont endocytosis and lysosomal digestion,
it is difficult to reconcile the striking degree of host dependence on symbiotically-derived
organic carbon (Spiro et al., 1986) with a system of symbiont population renewal similar
to the lifelong re-acquisition of symbionts seen in the lucinid bivalve Codakia orbiculata
(Gros et al., 2012).
As such, the discovery of dividing bacterial symbionts in the bacteriocytes of both
Thyasira cf. gouldi and T. flexuosa indicates that the replacement of digested symbiotic
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bacteria may occur not only through the acquisition of new symbionts from their
environment, but also from limited symbiont division within host tissues. Bacterial
division in the symbiont population of both T. flexuosa and T. cf. gouldi occurred in
specimens collected directly from the field, without further manipulation and exposure to
increased thiosulphate concentrations. Features of cell division included the ingrowth of
the cytoplasmic membrane and cell wall (Fig 1A), as well as the presence of a Z ring (Fig
1B), the constriction of which is postulated to cause the ingrowth of the cell envelope
(Weiss, 2004). In some specimens, daughter cells were separated by fully formed septa
(Veiga & Pinho, 2012) and threads of the cytoplasmic membrane following separation
(Fig 1C,D). Though limited under natural conditions, the discovery of dividing bacterial
symbionts helps explain the incongruency between the extensive degree of nutritional
reliance on the metabolic activity of symbionts seen in many thyasirid bivalves (Spiro et
al., 1986; Dando & Spiro, 1993) and the need to locate free-living bacterial symbionts in
reduced sediments (Green-Garcia & Engel, 2012).
Thiosulphate exposure and symbiont division
While dividing symbionts were observed in the bacteriocytes of T. flexuosa (Fig
1A) and T. cf. gouldi (Fig 3B,C), a much higher proportion of bacterial cells were
dividing after exposure to thiosulphate-enriched seawater. In T. flexuosa, 3 days of
exposure to thiosulphate-rich seawater resulted in the presence of dividing symbiotic
bacteria within all of the bacteriocytes (10 per specimen) examined. In addition, the
relative abundance of dividing bacterial symbionts was noticeably higher in these
individuals (Fig 2B-D). Further investigations of the T. cf. gouldi symbiosis revealed that
the initiation of bacterial division occurs remarkably rapidly after exposure to 2%
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thiosulphate in seawater, with host bacteriocytes containing numerous symbionts in the
process of cell division after just 12 hours of exposure (Fig 3D-F). Exposure of T. cf.
gouldi, and their symbiotic bacteria to lesser concentrations of thiosulphate (1%, 0.5%)
also resulted in the detection of symbiont division greater than that observed in samples
dissected and fixed immediately after field collection (Fig 3A,G), though there was
noticeably less dividing bacterial symbionts in the gills of host bivalves exposed to the
lowest (0.5%) thiosulphate concentration.
For mutualistic symbioses to persist over evolutionary timeframes, congruence of
the evolutionary interests of both the host and symbionts is essential (Herre et al., 1999).
As such, the host must be able to ensure not only that it is obtaining the nutrients it
requires from its symbiotic partners and is suppressing cheating symbiont phylotypes
(Douglas, 2008), but also that its symbionts are not proliferating too rapidly. The relative
abundance of symbionts to the host cells that accommodate them must remain fairly
constant over short time frames, highlighting the importance of host regulation over the
population size and dynamics of its partners (Neckelmann & Muscatine, 1983). The
challenge of sustaining an enriched symbiont microhabitat that supports and maintains the
crucial and often staggering levels of symbiotic carbon fixation without leading to the
exponential growth of bacterial symbiont populations is one that all chemosymbiotic
organisms must resolve (Caro et al., 2007).
The symbionts of the vestimentiferan tubeworm Riftia pachyptila divide regularly
within the host trophosome to replenish the population of thiotrophic bacteria available to
the host (Nussbaumer et al., 2006). Nevertheless, the population of symbiotic bacteria is
kept in check by a tightly controlled cycle of host tissue proliferation and apoptosis. In R.
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pachyptila, totipotent bacteriocyte stem cells migrate outwards from the centre of
trophosome lobules, and undergo apoptosis in the degenerating region near the external
surface of the lobules. Symbiotic bacteria are lysed alongside the apoptosis of
degenerating bacteriocytes (Pflugfelder et al., 2009), effectively preventing the symbiont
population from expanding too rapidly and overcoming the tissues of their host.
In chemosymbiotic associations between bivalves and sulphur oxidizing bacteria,
the control of bacterial population size frequently relates to the direct suppression of
bacterial division. In the lucinid bivalve Codakia orbicularis, symbiont division is
seemingly restricted and prevented by the host, as evidenced by the characteristic
inclusion of multiple genome copies within symbiotic bacteria (Caro et al., 2007; Caro et
al., 2009). This multigenomic state is frequently interpreted as evidence of fast growing
bacteria (Caro et al., 2007), or cells that are capable of rapid division should adequate
nutrients become available (Thorsen et al., 1992). The presence of bacterial symbionts
with multiple genome copies exhibiting little or no division has also been observed in
solemyid clams (Stewart & Cavanaugh, 2006), suggesting the possibility of a similar
mechanism of host repression of symbiont division. In the vertically transmitted
symbionts of the vesicomyid bivalve Calyptogena okutanii, sequencing of the symbiont
genome has found it to lack FtsZ, a gene crucial for cytokinesis and cell division. As
such, this highly adapted, vertically transmitted symbiosis characterized by extensive cospeciation may be an example of a host exerting complete control over the dynamics of
population expansion of its bacterial symbionts (Kuwahara et al., 2007). These families
of bivalves are thought to represent more highly adapted chemosymbiotic relationships in
comparison to the Thyasiridae (Roeselers & Newton, 2012), and seem to have evolved
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mechanisms to directly control the potentially dangerous proliferation of bacterial
symbionts in their tissues whilst hosting symbiont population sufficient in size to meet
their metabolic demands.
Direct suppression of bacterial division likely does not occur in the Thyasiridae,
as indicated by crucial differences in symbiont morphology and physiology. In lucinid
symbioses, the environmentally occurring, free-living form is noticeably smaller than that
observed in host bacteriocytes. Within host gill tissue, cells can increase by up to 5 times
in size, and are frequently found to be as large as 5 µm in length. This may be related to
the deregulation of symbiont growth within host cells (Gros et al., 2003), and potentially
the multi-genomic state characteristic of the division-inhibited bacterial symbionts of
chemosymbiotic bivalves (Caro et al., 2007). In comparison, the size of thyasirid bacterial
symbionts is substantially lower (Le Pennec et al., 1988b), and there is no evidence for
the presence of multiple genome copies in thyasirid symbionts to date. Indeed, the
symbionts of several thyasirid species, including T. flexuosa are consistent in size with
the environmental, free-living stage of the closely related lucinid symbionts (Gros et al.,
2003), with which they are closely related (Rodrigues & Duperron, 2011). This raises the
possibility that similar free-living bacterial symbionts undergo very different treatments
in the gills of lucinid and thyasirid bivalves. In the Lucinidae, growth of bacterial cells
may be deregulated whilst division is arrested, resulting in the characteristically large and
multi-genomic bacterial state (Caro et al., 2007; Caro et al., 2009). This process does not
appear to occur in the Thyasiridae, potentially indicating an inability of the host to
suppress bacterial division directly. The rapid expansion of the bacterial symbiont
populations of T. cf. gouldi and T. flexuosa when exposed to thiosulphate, indicate that
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the hosts are indeed likely incapable of restricting bacterial division through cellular
control mechanisms such as the production of bacteriostatic compounds postulated for
Codakia orbicularis (Caro et al., 2007).
Bacterial population expansion following exposure of their thyasirid hosts’ to
increased thiosulphate concentrations indicates that the supply of inorganic nutrients
plays an important role in determining and controlling bacterial symbiont population
dynamics in these symbioses. Similar results have been reported for the symbioses
between the green hydra Hydra viridis and its photosynthetic algal symbionts Chlorella
(Neckelmann & Muscatine, 1983) as well as the association between the Red Sea coral
Stylophora pistillata and its symbiotic zooxanthellae (Muscatine et al., 1989). In the
H.viridis-Chlorella symbiosis, enrichment of the hydra culture media with a mixture of
nitrate, phosphate and sulphate results in a highly enhanced growth rate of the symbiotic
algae, ultimately resulting in the overgrowth of the host cells of H. viridis (Muscatine &
Neckelmann, 1981; Neckelmann & Muscatine, 1983). Crucially, while slightly enlarged
symbiont populations can be restrained via digestion and expulsion of algal symbionts
(Neckelmann & Muscatine, 1983), extensive nutrient enrichment results in the
overgrowth of host cells and eventually the death of the host organism itself (Muscatine
& Neckelmann, 1981). In the Stylophora pistillata-zooxanthellae symbiosis, addition of a
nitrogen source (ammonium), results in the approximate doubling of symbiont population
size over 14 days, but does not result in the death of its host (Muscatine et al., 1989).
Nonetheless, expansion of the symbiont population results in a reduction in carbon
translocation from symbionts to host, implying a fitness cost associated with nutrient
excess and subsequent symbiont population expansion (Hoegh-Guldberg & Hinde, 1986).
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In T. cf. gouldi and T. flexuosa, excess supply of thiosulphate, a source of reduced
sulphur resulted in the rapid expansion of the symbiotic bacterial population. In T.
flexuosa, continued addition of thiosulphate resulted in severely deleterious effects on the
host bivalves. Notably, this resulted in 75% mortality after 6 days of exposure to the
thiosulphate-rich seawater, along with the appearance of ruptured bacteriocytes and
degradation of the gill ultrastructure. TEM analysis revealed these white agglomerations
to be ruptured bacteriocytes full of dividing bacterial symbionts (Fig 4). The mortality of
the host in response to exposure to elevated thiosulphate concentrations further illustrates
the inability of thyasirid bivalves to restrain symbiont division. While it may be argued
that the deterioration of T. flexuosa bacteriocytes and eventual host mortality may have
been caused by thiosulphate poisoning rather than the rapid proliferation of bacterial
symbionts, no host mortality or ruptured bacteriocytes were observed in the T. cf. gouldi
experiment, despite their exposure to twice the concentration of the initial thiosulphate
levels used in the T. flexuosa experiment. This discrepancy is likely explained by a
difference in the ambient temperature at which the experiments were conducted (4ºC for
T. cf. gouldi, 18ºC for T. flexuosa), in turn resulting in a drastic differential in the rate of
bacterial symbiont division. As such, bacteriocyte degeneration and host mortality is best
explained by the uncontrolled proliferation of bacterial symbionts, highlighting the
importance of host regulation of the chemical composition of the fluid within the mantle
cavity (in which bacterial symbionts are bathed). This likely constitutes a crucial
adaptation to controlling the population of bacterial symbionts and preventing a highly
deleterious outcome for the host organism.
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Though an understanding of the mechanisms regarding the supply of reduced
sulphur species is beyond the scope of this study, previous research may shed light on
how thyasirid bivalves may potentially control the supply of reduced sulphur species to
their bacterial symbionts. Thyasirid bivalves are notable in the construction of burrows in
the sediment with their highly extensible foot, which can extend up to 30 times its length
in the interest of accessing and mining pockets of sulphide deep within the sediment
(Dufour & Felbeck, 2003). The ability to access these reserves of reduced sulphur allows
them to obtain patchily distributed sulphide deposits within the sediment, and is a crucial
adaptation to the acquisition of reduced sulphur by the host organism (Dufour & Felbeck,
2003). In the vesicomyid clams Calyptogena magnifica and C. elongata, sulphide
transport occurs from similar sub-surface burrows through the use of serum-born
sulphide-binding proteins. Sulphides diffuse across the epithelium of the foot and are then
transported to the gills where they are used by bacterial symbionts (Arp et al., 1984;
Childress et al., 1993). A similar mechanism has been postulated for the thyasirid
bivalves (Dufour & Felbeck, 2003). Thyasirid bivalves also possess a posterior inhalant
aperture, that draws water deep from the sediment in association with the ventilation of
their sub-surface burrows (Allen, 1958; Dando et al., 2004), and it is also possible that
sulphides are directly drawn into the mantle cavity in order to supply the symbionts with
their requisite compounds. Thyasirid bioirrigation results in the oxidation of surrounding
sediments and the dissolution of iron sulphides, leading to the extraction of thiosulphate
and free sulphides which can then be pumped back into the mantle cavity to their
symbiont (Dufour & Felbeck, 2003; Dando et al.,; Hakonen et al., 2010). Preliminary
research has demonstrated significant diel fluctuation in the ventilation activities of
74

thyasirid bivalves and the associated reduction/oxidation reactions in the surrounding
sediment (Dufour, pers. comm.). This raises the intriguing possibility that thyasirid
bivalves may not only be able to alter the provisioning of sulphides to their symbionts
through the chemotactic targeting of sulphide patches with their pedal mining behaviour
(Dufour & Felbeck, 2003), but also may be capable of varying the degree and extent of
their ventilation behaviours in the interest of controlling sulphide supply to their
chemosynthetic bacterial symbionts. The rapid increase in symbiont division rates in T.
flexuosa and T. cf. gouldi, coupled with the eventual host mortality observed in T.
flexuosa highlight the importance of these behaviours in maintaining a mutually
beneficial, regulated chemosymbiosis in thyasirid bivalves.
Additionally, these findings underscore an inherent weakness in the facultative,
poorly-regulated nutritional symbioses such as that presented for T. flexuosa and T. cf.
gouldi. The long term evolutionary stability of such symbioses is predicated on the direct
cooperation between partners (Sachs et al., 2011), involving the regulation of symbiont
population dynamics and the restriction of bacterial cells to specific host tissues adapted
to harbour them (Neckelmann & Muscatine, 1983). The fact that the mutualistic nature of
the symbiosis between T. flexuosa and its bacteria is highly conditional on such a delicate
balance in the provisioning of reduced sulphur species to its bacterial symbionts
highlights the vulnerability of this system. The consequent deleterious effects of sulphide
de-regulation on these thyasirid hosts may explain the patchy distribution of
chemosymbiosis within this family (Dufour, 2005), and the potential for rapid
evolutionary reversion to an asymbiotic state (Batstone et al., 2014). Highly conditional
mutualistic outcomes in the absence of complex mechanisms of host-symbiont co75

regulation and cooperation are predicted to lead to the possibility of the collapse and
disappearance of symbiotic associations (Bronstein, 1994; Sachs & Simms, 2006).
The evolution of more complex and obligate chemosymbioses in thyasirids would
likely necessitate the evolution of more complex and direct mechanisms of control over
symbiont life cycles. This could involve the incorporation of tightly regulated cell
differentiation and apoptosis cycles, such as those observed in Riftia pachyptila
(Pflugfelder et al., 2009), or the evolution of cellular mechanisms allowing for the direct
repression of bacterial symbionts (Caro et al., 2007; Kuwahara et al., 2007). A shift to
less fragile mechanisms of host regulation over symbiont life cycles may be theorized to
result in the appearance of features of complex and evolutionary stable symbioses such as
the intracellular localisation of symbionts and nutrient translocation, both of which
symbiotic thyasirids generally lack (Dufour, 2005).

Conclusions
Symbiont division occurs under natural conditions in the thyasirid clams T. gouldi
and T. flexuosa. This division of bacterial symbionts may assist in the replacement of
cells lost in the process of endocytosis and lysosomal lysis involved in nutrient transfer
between symbiont and host. Furthermore, the discovery of dividing bacterial symbionts in
two thyasirid species is inconsistent with the lack or rarity of symbiont replication in
other symbiotic bivalve families such as the Lucinidae, Vesicomyidae and Solemyidae.
Symbiont division in the Thyasiridae may point to the hosts’ inability to directly control
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or repress bacterial reproduction in association with host tissues, a fact that further
cements the relatively simplistic and less derived nature of thyasirid symbioses.
Exposure to thiosulphate, a metabolic substrate for the chemosynthetic pathways
of thyasirid symbionts, results in the rapid expansion of bacterial symbiont populations.
The frequency of bacterial replication may be dependent on the concentration of
thiosulphate to which they are exposed, and continued exposure to elevated thiosulphate
levels results in the unrestrained expansion of the bacterial symbionts, ultimately leading
to the death of the host organisms themselves. Symbiotic associations in the Thyasiridae
are hypothesized to be highly fragile, and the inability of the hosts to exert direct control
over the life cycles of their bacterial symbionts may make this system prone to conflicts
of interest and dissolution. These findings may help in explaining the patchy distribution
of symbiosis within the Thyasiridae and the potential for rapid evolutionary reversion to
an asymbiotic state. Furthermore, the deleterious consequences of the rapid expansion of
the symbiont population of T. flexuosa indicates the importance of controlling bacterial
sulphide exposure in thyasirid symbioses. Behavioural adaptations such as the
chemotactic pedal mining involved in sediment sulphide localization and diel fluctuations
in ventilation of these sub-surface burrows may allow the host control over the chemical
composition of the fluid surrounding its bacterial symbionts.
Symbioses between thyasirid bivalves must be considered as highly suitable
model systems for the exploration of bacterial life cycle regulation and the control of
symbiont population dynamics. The findings of this study may have widespread
implications for the many relatively simplistic and facultative symbiotic associations in
nature, including the diverse chemosymbiotic associations in marine invertebrates but
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also the complex and highly fraught relationships between vertebrate hosts and their
intestinal microflora (Xu & Gordon, 2003). The stability of mutualistic outcomes in
facultative symbioses may be highly fragile if changes in host behaviour or local
environment result in new nutrient regimes for the symbiont. Under extreme
circumstances, this may lead to rapid de-regulation of the symbiont population and to the
accumulation of severely deleterious consequences to the host or the evolutionary
collapse of fraught and highly delicate facultative symbioses.
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Thesis Summary
Summary of results
This study sought out to address questions pertaining to the dynamic nature of
mutualistic associations between sulphur-oxidizing bacterial symbionts and their thyasirid
hosts. In Chapter 1, I examined seasonal variation in the relative symbiont abundance in
Thyasira gouldi populations in Bonne Bay, NL. We tested the following null hypothesis
by quantifying and analysing symbiont populations associated with the bacteriocytes of T.
cf. gouldi over the 2011 and 2012 sampling seasons:
(1) Symbiont abundance in Thyasira cf. gouldi is constant throughout the year;
there is no seasonal effect on symbiont population size.
The results of this analysis conclusively disproved our null hypothesis, and there
is indeed a strong component of seasonal variation affecting symbiont abundance in T. cf.
gouldi. Symbiont density is greatest in the autumn, followed by a subsequent decline in
bacterial populations towards late winter and early spring. Additionally, symbiont
abundance was shown to correlate with clam shell length, indicating a probable effect of
symbiont abundance on host fitness. This result is not surprising, as symbiont abundance
was positively correlated with the density of membrane whorls, structures associated with
the hosts’ digestion of bacterial symbionts. As such, we can state conclusively that, in
accordance with previously documented evidence of temporal variability in thyasirid
symbiont abundance (Donval et al., 1989; Dando & Spiro, 1993; Dufour & Felbeck,
2006), T. cf. gouldi displays prominent seasonal trends in symbiont abundance, and likely
in the nutritional contribution of symbiotically derived carbon.
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In Chapter 2, I examined the effect of media enrichment with reduced sulphur
compounds on the bacterial symbiont populations in two thyasirids, T. cf. gouldi and T.
flexuosa. In accordance with previous indications that the sulphur oxidizing bacterial
symbionts of chemosymbiotic bivalves rarely, if ever, undergo division in association
with host cells (Stewart & Cavanaugh, 2006; Caro et al., 2007; Gros et al., 2012), we
formulated the following null hypothesis:
(2) Bacterial symbionts do not undergo division in association with host gill
epithelial cells; hosts can control bacterial population dynamics, and addition
of reduced sulphur compounds does not result in an increase in bacterial
division or population size.
Once again, the results of our experiment conclusively discredited our null
hypothesis. Symbiont division was seen in the bacteriocytes of both T. cf. gouldi and T.
flexuosa under natural conditions; that is, without the addition of reduced sulphur
compounds. Enrichment of experimental media with dissolved thiosulphate resulted in a
marked increase in the frequency of dividing bacterial symbionts, and in the case of T.
flexuosa, resulted in the overwhelming of host gill epithelial cells via unrestrained
bacterial division, leading to the death of host bacteriocytes and eventual mortality. These
results illustrate that bacterial division occurs naturally in the symbionts of thyasirid
bivalves, and symbiont populations are likely held in check by host behavioural
adaptations regarding the supply of reduced sulphur compounds to their symbiont
populations.
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Conclusions
Intrafamilial variation in the possession of sulphur-oxidizing bacterial symbionts
is well documented in the Thyasiridae. Within this bivalve family, not all species possess
bacterial symbionts, and this phylogenetic patchiness of symbiosis with chemoautotrophic
bacteria can occur between closely related species (Dando & Southward, 1986; Dufour,
2005; Batstone et al., 2014). Though well documented, the evolutionary forces
responsible for producing this remarkable degree of variation in the possession of
bacterial symbionts remain relative mysteries. Within the Thyasira cf. gouldi cryptic
species complex that typifies the most extreme example of variation in the possession of
bacterial symbionts (Batstone et al., 2014), we have demonstrated conclusive evidence of
strong, seasonal variability in symbiont abundance (Chapter 1). Relative symbiont
abundances fluctuate greatly over the course of annual cycles, with bacterial abundance
peaking in late autumn and reaching its minimum in late winter and early spring. This
cycle is likely driven by temporal and spatial variability in the influx of organic matter to
the benthos, primarily through spring and fall phytoplankton blooms as well as through
the input of terrestrial organic matter (Tian et al., 2001). Periodicity in organic matter
enrichment creates temporal variation in sediment sulphide availability (Mudryk et al.,
2000; Faulwetter et al., 2013), which is potentially further exacerbated by thyasirids’
potential to oxygenate sediments and deplete them of reduced sulphur compounds (Dando
et al., 2004; Dando & Spiro, 1993). As such, it is highly likely that symbiont abundance
in thyasirids is related to sediment sulphide availability, which may be driven by a
combination of environmental (phytoplankton blooms, plant detritus) and biological
(thyasirid bioirrigation) factors. Furthermore, large bacterial symbiont populations in T.
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cf. gouldi appear to be positively correlated with host fitness, illustrating the potential for
symbiotic nutritional input to constitute a strong selective force in symbiotic thyasirids.
This highly labile scenario provides insight into the potential for the loss of symbiosis in
the Thyasiridae (Batstone et al., 2014) as well as the marked degree of intrafamilial
variation in the possession of bacterial symbionts (Dufour, 2005); long term shifts in the
environmental availability of reduced sulphur compounds may constitute a particularly
strong driving force in the evolution and loss of chemosymbioses in the Thyasiridae.
Though the possession of large bacterial symbiont populations likely confers upon
its host a notable fitness benefit, the association between thyasirids and their sulphuroxidizing bacterial symbionts remains facultative, with the digestion of bacterial
symbionts constituting an (albeit important) supplement to heterotrophic feeding (Dufour,
2005). In accordance with current theories on host symbiont co-evolution and method of
symbiont transfer, the facultative symbionts of thyasirids are environmentally acquired,
and maintain many genetic features of free living chemolithoautotrophic bacteria, such as
flagella and magnetosome chains (Dufour et al., 2014; B. McCuaig, pers. comm.). The
diversity of bacteria forming symbiotic association with thyasirids (Rodrigues &
Duperron, 2011) as well as their facultative nature and opportunistic acquisition (Dufour
et al., 2014), underscores the relative lack of specificity in thyasirid chemosymbiosis and
their status as representatives of an early stage in the evolution of complex
chemosymbioses (Roeselers & Newton, 2012). As such, it is not surprising that thyasirids
lack the complex mechanisms of symbiont population control seen in other
chemosymbiotic invertebrates such as Riftia pachyptila (Pflugfelder et al., 2009), lucinid
bivalves (Caro et al., 2007; Caro et al., 2009) and vesicomyid bivalves (Kuwahara et al.,
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2007). Indeed, thyasirids are likely incapable of directly restraining bacterial population
expansion in their gill filaments, and must rely on behavioural adaptations for the
acquisition and supply of reduced sulphur species. The fact that thiosulphate enrichment
resulted in the acceleration of bacterial symbiont division and the potential overgrowth of
host tissues (Chapter 2) exposes an inherent weakness in the facultative, relatively less
derived chemosymbiotic relationships of thyasirid bivalves. In this group, mutualistic
outcomes are highly conditional, with the potential for bacterial exploitation of host
tissues and subsequent deleterious consequences for the host organism. This creates a
strong evolutionary tension between host and symbiont, introducing the possibility for the
evolutionary loss of these mutualistic associations (Sachs & Simms, 2006). These
findings may further explain the phylogenetic patchiness of chemosymbiosis and the
potential for reversion to autonomy in the Thyasiridae, and also indicate that in the early,
highly dynamic stages of the evolution of complex chemosymbioses, behavioural
mechanisms such as pedal tract construction and burrow ventilation patterns (Dufour &
Felbeck, 2003; Dando et al., 2004) may play an important role in buffering mutualisms,
ensuring positive outcomes and continued mutualistic interactions between partners in the
absence of complex cellular, genetic, or biochemical mechanisms of controlling and
regulating interactions between symbiont and host.
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Future directions
Though seasonal variation in symbiont abundance has been conclusively
demonstrated in the T. cf. gouldi populations of the relatively pristine Bonne Bay, NL, it
would be instructive to examine seasonal fluctuation in symbiont abundance in thyasirids
inhabiting regions where organic matter enrichment is either less variable (eg.
hydrothermal vents, cold seeps) or driven by non-cyclical factors (eg. sewage discharge).
In conjunction with a study evaluating seasonal variation in thyasirids alongside
measurements of sediment sulphide concentrations, this would allow us to conclusively
determine whether or not temporal (potentially long and short term) variation in thyasirid
symbiont abundance is driven by sulphide availability. Additionally, the effect of
symbiont abundance on host reproductive fitness merits significant further investigation.
The reproductive fitness of the symbiotic and asymbiotic T. cf. gouldi OTUs in Bonne
Bay, NL (Batstone et al., 2014) could be compared, whilst altering the chemical
composition of sediments and the supply of particulate organic matter to symbiotic
thyasirids could yield important insights into the relationship between symbiont
population size and host fitness.
The presence of dividing bacterial symbionts should be investigated in other
thyasirid species, as a general consensus on the mechanism of symbiont population
renewal is currently lacking in the thyasirid literature. A more refined study investigating
the effect of thiosulphate enrichment on chemosymbiotic bivalves, including both
thyasirids and other facultative chemosymbiotic organisms such as the Lucinidae, would
similarly yield fascinating results regarding different mechanisms of symbiont population
control in chemosymbiotic organisms. The inclusion of more concentrated thiosulphate
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treatments in thyasirid species other than T. flexuosa would allow us to confirm that
unrestrained bacterial division leads to host mortality, and identify the threshold
thiosulphate concentrations beyond which hosts lose the ability to respond to bacterial
population expansion through the digestion of bacterial symbionts. Finally, since it is now
apparent that host behavioural mechanisms relating to the construction of pedal tracts,
bioirrigation and sulphide acquisition are crucial in maintaining stable bacterial symbiont
populations, further research should investigate the method of sulphide acquisition in
thyasirids, along with potential diel fluctuations in ventilation patterns, which may allow
thyasirids to regulate symbiont thiosulphate exposure by alternating the uptake of
sulphidic porewater with the intake of oxygenated surface water.
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